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Abstract 
The partitioning of low-copy number plasmids into daughter cells requires 
the plasmid encoded ParA and ParB proteins acting on centromeric sites 
termed parS. Bioinformatics approaches have shown that bacterial 
chromosome also encodes the ParABS system (Livny et al., 2007). In B. subtilis 
the majority of the chromosomally encoded parS sites are located near the 
replication origin region where they are bound by Spo0J (ParB), forming a set of 
nucleoprotein complexes that colocalizes with oriC (Breier and Grossman, 
2007; Graham et al., 2014; Lin and Grossman, 1998; Livny et al., 2007; Murray 
et al., 2006). SMC complex (condensin) localization at oriC is dependent on 
Spo0J and is required for chromosome origin segregation (Gruber and 
Errington, 2009; Sullivan et al., 2009; Wang et al., 2014b). In addition Spo0J 
regulates Soj (ParA), which in turn controls the master DNA replication initiation 
protein DnaA (Murray and Errington, 2008; Scholefield et al., 2012; Scholefield 
et al., 2011). Therefore, I hypothesized that the localization of parS sites 
proximal to the replication origin might be important for the regulation of Soj by 
Spo0J. 
In this thesis I have constructed a range of genetically modified strains 
that differ in the number and location of parS sites. I have found that a single 
Spo0J:parS nucleoprotein complex is necessary and sufficient for effective 
regulation of Soj activity, and that this regulation is independent of the genetic 
context of the parS site. In contrast chromosome organization and origin region 
segregation were affected when Spo0J (and presumably condensin) was 
redistributed to ectopic locations. Finally, I provide evidence that Soj interacts 
with Spo0J:parS nucleoprotein complexes to promote DNA segregation and 
dictate chromosome orientation. I propose a model that integrates the roles of 
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Soj as a regulator of DNA replication initiation and chromosome origin 
segregation. 
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Chapter 1: Introduction 
 
Replication and segregation of chromosomal DNA must be tightly regulated to 
ensure the viability of all organisms, and mutations that affect this regulation 
often lead to defects in cell growth. Although different organisms use a variety 
of complex molecular mechanisms to precisely control replication, organisms 
across the domains of life share the basic machinery consisting of initiator 
proteins (the origin replication complex (ORC) in eukaryotes and DnaA in 
prokaryotes) that interact with specialized genomic regions called replication 
origins to initiate DNA synthesis. Subsequently the newly replicated DNA 
molecules are organized to facilitate accurate segregation prior to cell division. 
The focus of this thesis is the regulation of chromosome replication and 
segregation in the Gram-positive bacterium Bacillus subtilis (Figure 1.0.1). 
Bacteria, with their relatively simple and well characterised structure and 
physiology, are ideal systems with which to study these mechanisms because 
they are readily amenable to genetic manipulation. 
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Figure 1.0.1: Overview of B. subtilis cell cycle  
 
Cartoon representation of B. subtilis cell cycle. (i) Initiation of DNA replication  
occur at the origin on the circular chromosome. (ii) Replication   proceeds bi-
directionally down both arms of the chromosome. (iii) Duplicated origins are 
segregated towards the cell quarters. (iv) The cell division machinery localizes 
at mid-cell and the subsequent formation of the new cell pole. (v) Two identical 
daughter cells, each containing one complete circular chromosome. 
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1.1 DnaA, the master initiator of DNA replication in bacteria 
DnaA is the ubiquitous master bacterial DNA replication initiation protein 
that promotes opening of the DNA duplex and the deposition of the DNA 
replication machinery. DnaA is a 50 kDa multi-domain protein (446 amino acids) 
belonging to the AAA+ family of ATPases. It is comprised of four distinct 
functional domains (Figure 1.1.1). Domain IV, located at the C-terminus of the 
protein, contains both the helix-turn-helix motif that contacts the major groove 
and the unique basic loop that mediates contact with the minor groove of the 
double stranded DNA after binding to specific DnaA-box located within the oriC 
(Erzberger et al., 2002; Fujikawa et al., 2003). Domain III contains the unique 
initiator specific motifs that are characteristic of the AAA+ protein superfamily 
forming the αβα base and an α helical bundle called the lid (Iyer et al., 2004). 
The structure consists of a Walker A (P-loop) motif required for ATP binding; a 
Walker B motif involved in ATP hydrolysis and magnesium ion interaction with 
ATP; Sensor I and II motifs involved in ATP binding and hydrolysis, and located 
at the bottom of the AAA+ module and at the tip of the lid, respectively; the 
BoxVII arginine finger that contacts the γ-phosphate of the nucleotide and is 
required for DnaA oligomerization; and finally, the α3/α4 and α5/α6 helices that 
bind to single stranded DNA. Together these form a bipartite ATP binding site 
(Duderstadt et al., 2011; Erzberger et al., 2006; Felczak and Kaguni, 2004; 
Kawakami et al., 2005; Kawakami et al., 2006; Nishida et al., 2002). Domain IV 
is connected to domain III by an amphipathic region that interacts with 
membrane phospholipids and facilitates nucleotide exchange, which has been 
shown to increase the amount of ATP-bound DnaA (DnaA-ATP) in Escherichia 
Coli (E. coli). However, it is worth noting that the affinity of DnaA for nucleotide 
varies in different bacterial species and the half-life of the B. subtilis DnaA with 
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nucleotide is 10 times longer than that of the E. coli protein, suggesting that the 
majority of DnaA in B. subtilis is always bound to the more abundant ATP 
(Erzberger et al., 2006; Garner and Crooke, 1996; Kurokawa et al., 2009). 
Linking domain I with domains III-IV is the flexible and poorly conserved domain 
II that may be involved in positioning of domain I and effectively exposing the 
helicase interaction site (Abe et al., 2007; Molt et al., 2009). Domain I at the N-
terminus interacts with additional proteins to facilitate the loading of helicase, 
DnaA dimerization, and it may also stabilize the open complex by interacting 
weakly with single stranded DNA (Abe et al., 2007; Seitz et al., 2000; Simmons 
et al., 2003).  
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Figure 1.1.1: Structural domains of DnaA 
 
Schematic diagram showing the four functional domains of DnaA with their 
corresponding crystal structures. The functional regions in each domain are 
indicated by  black ovals. DnaA domains were obtained from the protein data 
bank (PDB ID; domain I – 2E0G, domain III – 2HCB, domain IV – IJIV). DnaA 
tetramer image adapted from (Duderstadt et al., 2011). 
 
  
14 
 
1.2 Initiation of DNA replication by DnaA at oriC  
The accurate synthesis of bacterial chromosomes requires precise 
coordination and regulation of DnaA assembly at the replication origin (oriC). 
Based largely on work using E. coli as the model organism, the minimal oriC 
consists of two functional regions with different types of binding sites. 
Bacterial replication origins contain multiple DnaA-boxes (consensus 
sequence of 5’-TTATCCACA-3’) that are specifically recognized by domain IV 
of DnaA and are bound with different affinities (Mott, 2007). The number and 
orientation of DnaA-boxes within species vary, making it difficult to formulate a 
universal mechanism for bacterial origin activity (Messer, 2002). However, it is 
clear that to initiate DNA replication, DnaA-ATP binds to the high affinity DnaA-
boxes (Figure 1.2.1i) to promote oligomerization and assembly into a helical 
filament (Figure 1.2.1ii) (McGarry et al., 2004; Miller et al., 2009; Rozgaja et al., 
2011; Scholefield et al., 2012; Scholefield and Murray, 2013). 
The formation of the DnaA helix at oriC is thought to stretch one strand of 
the DNA duplex to promote opening of the intrinsically unstable AT-rich DNA 
unwinding element (DUE) (Figure 1.2.1iii) (Bramhill and Kornberg, 1988a, b). 
Following DNA duplex unwinding by DnaA in B. subtilis, DnaC (helicase) is 
loaded onto the single stranded DNA by DnaI (helicase loader). Here this 
reaction is facilitated by two other essential replication initiation proteins, DnaB 
and DnaD (Rokop et al., 2004). DnaD interacts with DnaA to enhance duplex 
unwinding of the DUE region and recruits DnaB (Ishigo-Oka et al., 2001; Zhang 
et al., 2008), which in turn interacts physically with DnaI to form a pair of 
helicase loaders that load DnaC onto the DNA (Velten et al., 2003). Therefore, 
in B. subtilis these factors are recruited to the origin in the following linear 
fashion DnaA  DnaD  DnaB  DnaI:DnaC , loading the replicative helicase 
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and forming the prepriming complex (Figure 1.2.1iv) (Smits et al., 2010). 
Following enlargement of the DUE by helicase, DNA primase and DNA 
polymerase coupled with the DNA sliding clamp mediate the synthesis of primer 
RNA and complementary DNA, respectively, to initiate DNA synthesis (Figure 
1.2.1v). 
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Figure 1.2.1: DnaA at the origin of replication 
 
Cartoon representation of the formation of the DnaA helix at oriC. (i) DnaA 
binds to strong DnaA-boxes located at oriC throughout the cell cycle. (ii) DnaA 
helix formation leads to DnaA spreading away from the strong DnaA-boxes 
towards the weaker DnaA-boxes. (iii) Unwinding of the DUE region by the DnaA 
helix and stabilization of the open complex formation by DnaA. (iv) Recruitment 
of downstream replication initiation proteins to form the prepriming complex. (v) 
Assembly of the replisome leads to DNA synthesis. Figure modified from 
(Scholefield et al., 2012). 
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1.3 Regulation of initiation in B. subtilis during vegetative growth 
The assembly of DnaA at oriC must be tightly regulated to promote 
timely initiation during the cell cycle and to avoid aberrant initiation events that 
could be detrimental to cell viability. During vegetative growth B. subtilis 
employs several mechanisms that control the activity of DnaA at oriC. 
Regulatory mechanisms include: (i) prevention of DnaA helix formation at oriC 
by Soj, YabA and DnaD through interactions with domain III of DnaA; (ii) YabA 
sequestering DnaA away from oriC by tethering DnaA to the replisome; (iii) 
autoregulation by DnaA expression; (iv) redistribution of DnaA to DnaA-box 
clusters that are located away from oriC (Figure 1.3.1). 
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Figure 1.3.1: Regulation of initiation in B. subtilis during vegetative growth 
 
Cartoon representation showing regulators of DNA replication initiation during 
vegetative growth. (i) Inhibition of DnaA helix formation at oriC by Soj, YabA 
and DnaD through interactions with domain III of DnaA. (ii) YabA sequestering 
DnaA away from oriC by tethering DnaA to the replisome. (iii) Autoregulation by 
DnaA. (iv) Redistribution of DnaA to DnaA-box clusters located away from oriC.  
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1.3.1 Soj controls DNA replication initiation by preventing DnaA helix 
formation 
Soj (ParA) is a Walker-type ATPase that contains a P-loop motif for ATP 
binding and hydrolysis (Leonard et al., 2005).  A soj null mutant overinitiates 
DNA replication, indicating that Soj is primarily an inhibitor of DNA replication 
initiation (Murray and Errington, 2008). However, overexpression of Soj (or 
deletion of spo0J) leads to an increase in replication initiation (Ogura et al., 
2003), suggesting that Soj can undergo a switch in its regulatory activities. 
Biochemical analysis of Soj revealed that it forms an ATP dependent sandwich 
dimer (Leonard et al., 2005; Murray and Errington, 2008; Scholefield et al., 
2011), and it was subsequently shown that the regulatory activity of Soj on DNA 
replication initiation is dictated by its nucleotide-bound state (Figure 1.3.1.1) 
(Scholefield et al., 2011). Monomeric Soj (either apo or ADP-bound) inhibits 
DNA replication initiation by directly interacting with domain III of DnaA and 
specifically preventing DnaA oligomerization (Figure 1.3.1i) (Scholefield et al., 
2012). However, in the presence of ATP, Soj forms a dimer that binds to DNA 
and stimulates DnaA-dependent replication initiation (Figure 1.3.1.2) (although 
the mechanism of activation by Soj has not yet been elucidated).  
Spo0J (ParB) is the regulator of Soj and contains a classical helix-turn-
helix motif that is required for DNA binding (Leonard et al., 2004). Spo0J binds 
to centromere-like sequences (parS sites) clustered around the replication 
origin to form large nucleoprotein complexes that extend away from the parS 
nucleation sites (Breier and Grossman, 2007; Lin and Grossman, 1998; Livny et 
al., 2007; Murray et al., 2006). Spo0J contains two lysine residues within its 
flexible N-terminal region that stimulate Soj ATPase activity to regulate the 
nucleotide bound state of Soj (Scholefield et al., 2011). This regulation appears 
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to be conserved amongst the superfamily of ParA/ParB proteins, as it was 
originally shown that ParG (an analogue of ParB) of plasmid TP228 contains an 
arginine residue within its N-terminal region that is essential for stimulating the 
ATPase activity of ParF (ParA) (Ah-Seng et al., 2009; Barilla et al., 2007).  
Besides having been implicated to regulate DNA replication, Soj and 
Spo0J are also involved in chromosome segregation (Figure 1.3.1.2, dotted 
box), which will be discussed in Chapter 1.8.1 and 1.9.  
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Figure 1.3.1.1: Soj activity cycle 
 
Cartoon representation showing Soj activity cycle. Soj undergo a nucleotide 
switch that dictate its activity and is regulated by Spo0J. Soj dimer initiates DNA 
replication via DnaA, while Soj monomer inhibits DNA replication by preventing 
DnaA helix formation. 
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Figure 1.3.1.2: Overview of Spo0J, Soj and condensin in chromosome 
segregation and DNA replication 
 
Schematic diagram showing the functions of Spo0J, Soj and condensin. Spo0J 
regulation of Soj leads to either activation (green) or inhibition (red) of DNA 
replication initiation by regulating the formation of the DnaA helix at the origin. 
DnaA indirectly regulates sporulation by regulating the expression of the 
sporulation checkpoint protein, Sda (brown). Spo0J recruits condensin to oriC 
and together with dimeric Soj, is required for proper chromosome segregation 
and organization (dotted box). 
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1.3.2 YabA prevents DnaA helix formation and titrates DnaA away from the 
origin via DnaN  
YabA is another negative regulator of DNA replication initiation that 
controls DnaA by inhibiting its activity through two mechanisms. Firstly, YabA 
interacts with domain III of DnaA at oriC and prevents assembly of the DnaA 
helix that is necessary for DNA duplex unwinding (Figure 1.3.1i) (Cho et al., 
2008; Scholefield and Murray, 2013). Secondly, YabA connects DnaA with 
DnaN, the sliding clamp component of the replisome. Approximately 500 DnaN 
protein dimers accumulate on the lagging strand behind the replisome during 
replication elongation (Su'etsugu and Errington, 2011). YabA binds to these 
DnaN proteins to sequester DnaA away from oriC when the replisome moves 
along the chromosome, thereby lowering the number of free DnaA proteins at 
oriC (Figure 1.3.1ii) (Merrikh and Grossman, 2011; Noirot-Gros et al., 2002; 
Noirot-Gros et al., 2006; Soufo et al., 2008). Deletion of yabA leads to a severe 
overinitiation phenotype, supporting the notion that the multiple regulatory 
activities of YabA are critical for replication control (Noirot-Gros et al., 2002). 
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1.3.3 DnaD controls DNA replication initiation by preventing DnaA helix 
formation 
The replication initiation protein DnaD appears to play both positive and 
negative roles during DNA replication initiation. In addition to its essential 
activity recruiting the DNA helicase loader DnaB, it is also a negative regulator 
of the initiation event. Biochemical experiments have revealed that when DnaD 
is recruited to oriC by DnaA, it inhibits initiation by preventing DnaA helix 
formation without affecting ATP binding or hydrolysis activities (Figure 1.3.1i) 
(Bonilla and Grossman, 2012; Ishigo-Oka et al., 2001; Scholefield and Murray, 
2013; Smits et al., 2011). The opposing activities of DnaD may help to precisely 
coordinate DNA duplex unwinding with helicase loading. 
 
1.3.4 DnaA autoregulation and sequestering of DnaA by DBCs 
Transcription of the dnaA-dnaN operon is autoregulated by DnaA binding 
to DnaA-boxes flanking the dnaA promoter within oriC (Figure 1.3.1iii) (Ogura et 
al., 2001). Furthermore, DnaA also binds to six other DnaA box clusters (DBCs) 
located away from the origin (Ishikawa et al., 2007; Smits et al., 2011). Deletion 
of all six DBCs lead to overinitiation of DNA replication and can be partially 
restored by an ectopic DBC whose effectiveness depends on the DBC proximity 
to the origin and its copy number (Figure 1.3.1iv) (Okumura et al., 2012).  
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1.4 Regulation of DNA replication initiation in B. subtilis during 
sporulation 
 
Upon conditions of nutrient deprivation, B. subtilis can initiate a 
developmental program leading to the production of a stress-resistant dormant 
spore. During sporulation the bacterium undergoes an asymmetric cell division 
process to produce a large compartment (mother cell) and a small compartment 
(forespore) joined together by the division septum. As sporulation proceeds, the 
smaller cell will be engulfed by the mother cell where it will develop into an 
endospore. Following lysis of the mother cell, the spore will be released into the 
environment where it will remain dormant until it encounters favourable 
environmental conditions that promote germination and vegetative growth 
(Higgins and Dworkin, 2012). Critically, during sporulation each cell-type 
requires one copy of the genome to accomplish the developmental program, 
and multiple regulatory systems act to coordinate DNA replication with the 
sporulation-specific cell cycle. 
The master developmental transcriptional regulator Spo0A directly 
governs the expression of 121 sporulation genes by binding to Spo0A-boxes (5’ 
TGTCGAA 3’) and recruiting RNA polymerase (Fujita et al., 2005). The 
activation of Spo0A requires phosphorylation and this is mediated by a 
multicomponent phosphorelay system. The phosphorelay consists of five 
histidine kinases (KinA-E) that autophosphorylate in response to different 
environmental conditions and two phosphotransfer proteins, Spo0F and Spo0B 
(Higgins and Dworkin, 2012; LeDeaux et al., 1995). The phosphate group from 
the histidine kinases are transferred from Spo0F→Spo0B and finally to Spo0A, 
leading to an accumulation of phosphorylated Spo0A  that will activate genes 
required for sporulation (Figure 1.4.1A) (Burbulys et al., 1991).  
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In order to ensure that cells are able to replicate two copies of the 
genome prior to the initiation of sporulation, B. subtilis inhibits the spore 
developmental pathway at the onset of DNA replication. The checkpoint protein 
Sda (suppressor of dnaA) is a negative regulator of sporulation and interacts 
directly with KinA and KinB to prevent autophosphorylation and the transfer of 
the phosphate group to Spo0F (Figure 1.4.1A) (Burkholder et al., 2001; 
Cunningham and Burkholder, 2009). Expression of sda is controlled by DnaA 
binding to DnaA-boxes upstream of the sda promoter and is specifically up-
regulated in conjunction with initiation of DNA replication (Figure 1.3.1.2,brown) 
(Breier and Grossman, 2009; Burkholder et al., 2001; Cunningham and 
Burkholder, 2009; Ishikawa et al., 2007; Veening et al., 2009). This burst of Sda 
expression delays sporulation and allows time for the replication machinery to 
duplicate the genome. Subsequently, because Sda is an intrinsically unstable 
protein, its abundance in the cell rapidly decreases, thereby allowing sporulation 
to proceed towards the end of the replication cycle.  
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Figure 1.4.1: Regulation of initiation in B. subtilis during sporulation 
 
 (A) Schematic diagram showing the sporulation phosphorelay channel. (B) 
Cartoon representation of the various regulators of DNA replication initiation 
during sporulation. (i) Binding of Spo0A to Spo0A-boxes prevents DnaA from 
binding to DnaA-boxes at oriC. (ii) Sequestering of DnaA away from oriC via 
tethering to the replisome. 
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1.4.1 Spo0A binding to origin region affects chromosome copy number 
To achieve maximal spore fitness, a developing B. subtilis cell requires 
precisely two copies of the chromosome, one for the forespore and the other for 
the mother cell (Veening et al., 2009). This control of chromosome copy number 
is achieved by Spo0A acting both directly at oriC and indirectly through 
expression of the DnaA inhibitory protein SirA.  
Spo0A-boxes (5’ TGTCGAA 3’) share sequence homology with DnaA-
boxes (5’ TGTGGATAA 3’) and several of these sites overlap one another at 
oriC (Boonstra et al., 2013). Spo0A bound to Spo0A-boxes blocks open 
complex formation at oriC in vitro (Figure 1.4.1Bi) (Castilla-Llorente et al., 
2006). In vivo mutants with disrupted Spo0A-boxes showed a modest  increase 
in DNA replication initiation and this effect was more prominent in a sda/sirA 
double mutant background when cells are growing rapidly (Boonstra et al., 
2013). 
 
1.4.2 SirA interferes with DnaA oriC binding 
SirA is a sporulation-induced protein identified as an inhibitor of DNA 
replication that is important for maintaining diploidy. SirA interacts with domain I 
of DnaA and inhibits reinitiation following the onset of the developmental 
process (Figure 1.4.1Bii) (Jameson et al., 2014; Rahn-Lee et al., 2009; Rahn-
Lee et al., 2011; Wagner et al., 2009). Artificially inducing SirA in vegetative 
growing cells interferes with DnaA binding to the origin and leads to lethality 
(Rahn-Lee et al., 2011; Wagner et al., 2009). Native expression of SirA during 
sporulation stabilizes DnaA at the replisome away from oriC and has been 
proposed to inhibit DnaA origin localization through sequestration (Jameson et 
al., 2014).  
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1.5 Regulation of initiation in E. coli 
The half-life of E. coli DnaA-ATP/ADP is approximately 10-fold higher 
than B. subtilis (Chapter 1.1); therefore, the majority of mechanisms employed 
by E. coli to regulate DnaA are aimed at regulating the overall availability of 
DnaA-ATP within the cell. These mechanisms includes: (i) autoregulation of 
dnaA; (ii) sequestering of DnaA by datA; (iii) Hda stimulating the nucleotide 
hydrolysis of DnaA; (iv) interfering with DnaA binding to DnaA-boxes (Figure 
1.5.1). 
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Figure 1.5.1: Regulation of initiation in E. coli  
 
Cartoon representation of regulators of DNA replication initiation during 
vegetative growth. (i) Autoregulation by DnaA. (ii) Sequestering of DnaA away 
from oriC by datA. (iii) Hda associates with the replisome via DnaN to stimulate 
DnaA nucleotide hydrolysis. (iv) SeqA blocking DnaA from binding to DnaA-
boxes at oriC. (v) DAR1/2 promotes nucleotide exchange in DnaA. 
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1.5.1 DnaA autoregulation and sequestering of DnaA by datA 
 Similarly to B. subtilis (Chapter 1.3.4), transcription of the dnaA-dnaN 
operon is autoregulated by DnaA binding to DnaA-boxes flanking the dnaA 
promoter within oriC (Figure 1.5.1i) (Braun et al., 1985). In a similar fashion to 
DBCs in B. subtilis (Chapter 1.3.4), datA is a region of DNA that contains DnaA-
boxes that sequester large amount of DnaA away from oriC. datA null mutant 
leads to an overinitiation phenotype that can be suppressed by a plasmid 
containing datA (Figure 1.5.1ii) (Kitagawa et al., 1998; Nozaki et al., 2009). 
 
1.5.2 Controlling the availability of DnaA-ATP for DNA replication initiation  
The E. coli regulatory inactivation of DnaA (RIDA) system consists of the 
protein Hda forming a complex with the replisome via the DNA clamp and 
stimulating the ATP hydrolysis activity of DnaA (Figure 1.5.1iii) (Kato and 
Katayama, 2001; Su'etsugu et al., 2005). This couples inactivation of DnaA to 
the functional assembly of the replisome. Interestingly, although both Hda and 
YabA appear to form a trimeric complex with DnaA and DnaN, the mechanism 
in which they regulate DnaA is different (Chapter 1.3.2).  
DARS1/2 (DnaA-reactivating sequence 1/2) are sequences on the 
chromosome that are required to increase the level of DnaA-ATP by promoting 
the exchange of ADP for ATP, although the precise mechanism is unknown 
(Figure 1.5.1v) (Fujimitsu et al., 2009). 
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1.5.3 SeqA interferes with DnaA oriC binding and transcription 
Initiation of DNA replication is delayed by SeqA binding with high affinity 
to hemimethylated 5’-GATC-3’ sites that overlap DnaA-boxes within oriC and 
are transiently present following DNA synthesis of a daughter strand. Binding to 
hemimethylated DNA inhibits DnaA binding to DnaA-boxes and inhibits both 
transcription of the dnaA gene and oligomerization of DnaA (Figure 1.5.1iv) (Lu 
et al., 1994; Nievera et al., 2006; Waldminghaus and Skarstad, 2009). 
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1.6 Regulation of initiation in Caulobacter crescentus 
 
C. crescentus undergoes asymmetric cell division, yielding a swarmer 
cell that is unable to initiate DNA replication and a stalked cell that strictly 
replicates its chromosome once per cell cycle. Similarly to E.coli and B. subtilis, 
multiple regulatory mechanisms regulate DnaA activity in C. crescentus 
(Gorbatyuk and Marczynski, 2001). These systems include: (i) CtrA interfering 
with DnaA binding to cori; (ii) controlling DnaA and CtrA levels by ClpXP 
proteases; (iii) RIDA mediated by HdaA (Figure 1.6.1). 
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Figure 1.6.1: Regulation of initiation in C. crescentus during vegetative 
growth 
 
Cartoon representation of regulators of DNA replication initiation during 
vegetative growth. (i) In the non-replicating swarmer cell, increased level of CtrA 
block DnaA from binding to the DnaA-boxes at cori and DnaA gets degraded by 
ClpXP. (ii) In the replication competent stalked cell, CtrA gets degraded by 
ClpXP to allow DnaA to bind at cori to initiate DNA replication. (iii) HdaA 
associates with the replisome in a manner that is similar to E. coli RIDA system. 
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1.6.1 Controlling the level of DnaA-ATP levels  
The C. crescentus genome encodes the hdaA gene that is a homologue 
of the E. coli hda gene. HdaA localizes with the replisome and is necessary to 
prevent overinitiation of DNA replication, strongly suggesting a mechanism that 
may be similar to the RIDA system in E. coli (Figure 1.6.1iii) (Chapter 1.5.2). 
Interestingly, C. crescentus hdaA transcription is regulated by DnaA, creating a 
negative feedback loop (Collier and Shapiro, 2009).  
DnaA protein levels within C. crescentus are tightly coordinated with the 
cell cycle and proteins are rapidly degraded after the initiation of DNA 
replication by the ClpXP protease (Figure 1.6.1i) (Gorbatyuk and Marczynski, 
2005). Furthermore, during carbon starvation (p)ppGpp synthesis by SpoT 
regulates DnaA protein level via the ClpXP protease (Jonas et al., 2013; Lesley 
and Shapiro, 2008). 
 
1.6.2 CtrA interferes with DnaA oriC binding  
 CtrA is an abundant global transcriptional regulator that 
accumulates in C. crescentus swarmer cells and directly regulates ~95 genes. It 
has been shown that CtrA binds to five sites within the replication origin (cori) 
that overlap with DnaA-boxes (Figure 1.6.1i) (Laub et al., 2002; Quon et al., 
1998). In a mechanism reminiscent ofE. coli SeqA (Chapter 1.5.3) and B. 
subtilis Spo0A (Chapter 1.4.1), CtrA binding to these sites represses replication 
in the swarmer cell. Upon development into a replication competent stalked cell, 
CtrA is degraded by the ClpXP protease to allow DnaA to initiate DNA 
replication at cori (Figure 1.6.1ii) (Gorbatyuk and Marczynski, 2005; McGrath et 
al., 2006; Quon et al., 1998). 
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1.7 Bacterial chromosome segregation 
To ensure propagation of the genetic material, DNA replication must be 
followed by accurate segregation of the genome. Eukaryotes undergo distinct 
phases during the cell cycle, such as the S phase where the chromosomes are 
duplicated and then mitosis where the replicated genome is compacted and 
segregated. Here chromosome segregation is mediated by a bipolar mitotic 
spindle made up of microtubules that capture and align the chromosomes 
before facilitating segregation using movement generated either by molecular 
motors or microtubule polymer dynamics (Gatlin and Bloom, 2010). 
Prokaryotes on the other hand do not undergo such distinct cycles and 
instead segregate sister chromosomes immediately as replication proceeds. In 
the original model for bacterial DNA segregation proposed by Francois Jacob 
and colleagues in 1963, they suggested a passive process in which the two 
newly replicated DNA molecules were segregated by tethering to the cell 
membrane at mid cell followed by cell elongation to physically separate the 
replicated genome into individual chromosome located within opposite cell 
halves (Jacob et al., 1963). However, inconsistences in the model came from 
studies that show that the bipolar movement of the replicated origins away from 
the mid cell position are faster than the rate of cell elongation (Fiebig et al., 
2006; Viollier et al., 2004). Therefore, in contrast to the original passive 
segregation hypothesis, recent studies in a variety of diverse organisms have 
provided evidence indicating that bacterial DNA segregation is highly dynamic 
and requires active processes, which will be discussed in the following sections. 
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1.7.1 Plasmid segregation 
Low-copy number bacterial plasmids have long been utilized as a model 
system to study DNA segregation, and indeed much of the thinking regarding 
bacterial chromosomes is based on the founding work with plasmids. The 
plasmid partitioning (Par) systems are one of the best characterized systems for 
bacterial DNA segregation, where pairs or clusters of plasmids are separated 
into opposite regions of a cell. This system is generally comprised of three 
essential components, (i) a polymerizing motor/movement protein that requires 
nucleotide, (ii) a DNA binding adapter protein, and (iii) a centromeric binding 
site on the DNA that is recognised by the adapter protein. The plasmid 
partitioning systems have been classified into three main categories (type I, II, 
III) described below. 
The type I partitioning system is the most common and consists of  (i) a 
Walker-type ATPase such as ParA found in pB171 and P1 or SopA encoded in 
F plasmid, (ii) a DNA binding protein ParB or SopB, and (iii) a cis-acting DNA 
sequence parS or sopC  (Yamaichi and Niki, 2000). The type I plasmid system 
is closely related to the chromosomally encoded ParABS system described in 
Chapter 1.3.1. Plasmid ParB/SopB proteins bind to parS/sopC sites and spread 
several kilobases into neighbouring DNA to form large nucleoprotein 
complexes. When bound to ATP, ParA/SopA proteins interact with 
ParB/SopB:parS/sopC complexes to promote plasmid segregation. In addition 
ParB/SopB proteins stimulate the ATPase activity of their cognate ParA/SopA 
proteins. Interestingly, although the ParG protein (encoded by parFGH of 
plasmid TP288) appears to be unrelated to ParB/SopB, the mechanism by 
which ParG binds to parH and stimulates ParF ATPase activity appear to be 
similar, suggesting a common mechanism among bacteria for the interaction 
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between type I partitioning proteins  (Barilla et al., 2007; Barilla and Hayes, 
2003; Barilla et al., 2005; Hayes, 2000). 
In vivo, ParA/SopA forms a comet like cloud that assembles over the 
nucleoid and appears to pull plasmids as it oscillates (Ebersbach and Gerdes, 
2001, 2004; Hatano et al., 2007; Lim et al., 2005; Ringgaard et al., 2009). 
Recent studies using a cell free reconstituted system coupled with computer 
stimulation have shown that SopA forms a gradient on DNA and interacts with 
the SopB:sopC partitioning complex to generate cargo motion. This motion is 
generated from the combination of ParB:parS complex binding to ParA on the 
flexible DNA that allows movement upon hydrolysis of ParA coupled with the 
physical confinement of the complex to the DNA (Figure 1.7.1.1i) (Lim et al., 
2014; Vecchiarelli et al., 2014).  
The type II partitioning system consists of actin like ATPases, such as 
ParM encoded by the parMRC operon of the low-copy R1 plasmid. This system 
uses a search and capture model, where ParM assembles into unstable 
filaments that are constantly polymerizing and depolymerizing. The ParR:parC 
complex caps and stabilizes the growing end of the ParM filament to allow 
addition of new ParM subunits. By assembling into an antiparallel pair of 
filaments, the ParM proteins are able to push two plasmids toward opposite cell 
poles (Figure 1.7.1.1ii) (Campbell and Mullins, 2007; Garner et al., 2004; 
Garner et al., 2007; Gayathri et al., 2012; Moller-Jensen et al., 2003; Moller-
Jensen et al., 2002). 
Finally, the type III partitioning system consists of FtsZ/tubulin-like 
proteins such as the tubZRC operon from pBtoxis (Tang et al., 2006). The 
TubR:tubC partitioning complex interacts with a TubZ filament that contain a 
distinct plus and minus end. Addition of TubZ subunit into the filament will 
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threadmill the plasmid along the cell membrane and release the plasmid at the 
curved surface of the cell (Figure 1.7.1.1iii) (Aylett and Lowe, 2012; Aylett et al., 
2010; Chen and Erickson, 2008; Larsen et al., 2007; Montabana and Agard, 
2014; Ni et al., 2010). 
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Figure 1.7.1.1: Plasmid segregation 
 
Cartoon representation of the various mechanisms of plasmid segregation.      
(i) Type I plasmid segregation using the DNA relay mechanism.  (ii) Type II 
plasmid segregation using the pushing model. (iii) Type III plasmid segregation 
using the threadmill model. 
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1.8 Chromosome ParABS system in segregation and organization 
Chromosome segregation and organization often involve one of the 
following general features; motor/movement proteins that drive the segregation 
of replicated chromosome origin domains and a site at the cell pole that could 
subsequently either capture or provide positional information to the segregation 
systems. The chromosomally encoded ParABS system, condensin (SMC 
complexes), nucleoid associated proteins (NAPs) and topoisomerase (Topo IV) 
have been found to play critical roles for DNA partitioning and organization 
within many bacterial species, and these provide the framework for our 
understanding of bacterial chromosome segregation.  
The role of Par systems in segregating low-copy number plasmids have 
been well established (Chapter 1.7.1). However, their role in bacterial 
chromosome segregation has been controversial because the disruption of par 
genes often produced either only a mild segregation defect or a range of 
diverse phenotypes (e.g. altered development, increased DNA replication). 
Bioinformatics analyses of sequenced bacterial genomes have shown that over 
65% contained a chromosomally encoded par locus. These chromosomally 
encoded genes are usually located within the origin proximal region of the 
chromosome (Livny et al., 2007). Similarly to the plasmid encoded par loci, 
ParB is a DNA binding protein that recognizes and binds to palindromic 
sequences known as parS sites that typically flank the origin of replication, and 
the ParB/parS complexes directly stimulates the ATPase activity of ParA. 
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1.8.1 Bacillus subtilis  
During vegetative growth of B. subtilis, newly replicated chromosomes 
adopt an ori-ter pattern, where the origins are located towards the cell pole, the 
termini rest near mid-cell, and the two chromosome arms are arranged in 
parallel between them  (Figure 1.8.1Aii)  (Lee et al., 2003; Teleman et al., 1998; 
Wang et al., 2014a). Immediately after DNA replication initiates near the cell 
pole, the duplicated origins move to mid-cell and adopt a left-ori-right 
conformation (Figure 1.8.1Ai) before they are actively separated from one 
another and move towards opposite cell poles (Wang et al., 2014a). This 
oscillation between two distinct patterns of chromosome origin localization 
depends upon the Par system and condensin (Wang et al., 2014a). 
B. subtilis possesses chromosomally encoded homologues of ParA and 
ParB called Soj (27kDa) and Spo0J (32 kDa), respectively. Deletion of spo0J 
leads to an increase in anucleate cell production (Ireton et al., 1994) and newly 
replicated origins are impaired in separation and located closer together, 
leading to their mis-positioning within the cell. A string of recent studies have 
revealed that Spo0J recruits the chromosome organization complex condensin 
(SMC) to the origin region and that this is required for accurate origin 
segregation (see additional information on condensin below) (Gruber and 
Errington, 2009; Gruber et al., 2014; Sullivan et al., 2009; Wang et al., 2014b). 
Furthermore, Spo0J alone has been found to compact DNA through lateral 
spreading and long-range bridging activities, suggesting that Spo0J may play a 
direct role in chromosome organization to facilitate DNA segregation (Graham 
et al., 2014; Lee and Grossman, 2006; Lee et al., 2003; Murray et al., 2006). 
A soj null mutant shows no significant defect in chromosome 
segregation, although separation of duplicated origin regions is affected (Ireton 
  
44 
 
et al., 1994; Lee and Grossman, 2006; Wang et al., 2014a). These results 
indicate that in B. subtilis the Par system affects chromosome segregation 
predominantly through the interaction of Spo0J:parS nucleoprotein complexes 
with condensin, and the Soj-Spo0J:parS system plays a secondary supporting 
role. Furthermore, Soj plays a role regulating the master DNA replication 
initiation protein DnaA (Chapter 1.3.1), suggesting that Soj may coordinate DNA 
replication with chromosome segregation (Figure 1.3.1.2).  
Under conditions of nutrient limitation B. subtilis undergoes a 
differentiation process that involves the formation of a stress resistant spore. 
This process requires the formation of an asymmetric septum near one pole, 
leading to the formation of a larger mother cell and a smaller forespore. As 
described in Chapter 1.4, sporulation requires two chromosomes, one for each 
cellular compartment. Following DNA replication the origin region is segregated 
towards the cell pole where it becomes anchored to the membrane by the 
sporulation induced DNA binding protein RacA. RacA directly recognizes ~25 
racA sites near the replication origin and forms a bridge between the 
chromosome and the cell pole through interaction with the membrane bound 
DivIVA protein (Ben-Yehuda et al., 2005; Ben-Yehuda et al., 2003; Lenarcic et 
al., 2009; Wu and Errington, 2003). Formation of the asymmetric septum near 
one cell pole leads to the entrapment of the origin region (Figure 1.8.1Aiii) (Wu 
and Errington, 1994).  The remaining chromosome is then pumped into the 
forespore by the septum localized membrane protein, SpoIIIE (Bath et al., 2000; 
Wu and Errington, 1994, 1997).  
Spo0J and Soj are important for chromosome origin trapping during 
sporulation. Either deletion of spo0J or recruitment of Spo0J to ectopic parS 
sites leads to a significant defect in the trapping of the correct region of the 
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chromosome in the forespore, and this is likely related to altered localization of 
condensin away from the origin (Sullivan et al., 2009; Wu and Errington, 2002). 
Deletion of soj produces a modest defect in chromosome origin trapping during 
sporulation. However the effect is exacerbated in combination with a racA 
mutant, suggesting a partially redundant role for both proteins (Ireton et al., 
1994; Sharpe and Errington, 1996; Sullivan et al., 2009; Wu and Errington, 
2003) 
 
1.8.2 Caulobacter crescentus  
The dimorphic bacterium C. crescentus replicates its chromosome only 
once per cell cycle and here the Par system is essential for viability. The C. 
crescentus chromosome contains two parS sites near cori and like B. subtilis 
the parS sequences serve as ParB binding sites (Figure 1.8.1C) (Livny et al., 
2007; Mohl and Gober, 1997; Toro et al., 2008). The chromosome adopts an 
ori-ter orientation, similar to B. subtilis during sporulation, although here the 
origin region is anchored to the cell pole by the ParB:parS complex interacting 
with the membrane protein PopZ (Figure 1.8.1C) (Bowman et al., 2008; 
Ebersbach et al., 2008; Toro et al., 2008; Viollier et al., 2004). Following 
initiation of DNA replication at the old pole, the ParB:parS complex translocates 
the newly replicated chromosome origin by progressing towards a gradient of 
dimeric ParA proteins spread across the nucleoid. As ParB:parS moves along 
the ParA gradient, it stimulates ParA ATPase activity to drive ParA dimers into 
monomers. The ParA monomers then become enriched at the new pole through 
an interaction with the polar localization protein TipN, thereby promoting 
unidirectional motion of ParB:parS (Ptacin et al., 2014; Ptacin et al., 2010; 
Schofield et al., 2010; Shebelut et al., 2010; Toro et al., 2008). Here the 
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ParABS system plays a dominant role in chromosome segregation, and indeed 
relocating parS sites to a origin distal location in the genome leads to 
reorganization of the chromosome within the cell, with the ectopic parS region 
anchored at the cell pole and the origin region reoriented towards mid cell 
(Umbarger et al., 2011). 
 
1.8.3 Vibrio cholera 
The Gram-negative V. cholerae genome is divided into two 
chromosomes, a large chromosome (ChrI) that encodes ParABI with three 
origin proximal parSI sites, while the smaller plasmid-like replicon (ChrII) 
encodes  ParABII with nine parSII sites (Figure 1.8.1D) (Yamaichi et al., 2007b). 
Unlike the Par system of C. crescentus, ParABI is not essential for ChrI 
segregation. To translocate the newly replicated ChrI across the long axis of the 
cell, ParAI forms a cloud-like structure that pulls the ParBI/parSI complex to the 
new pole and is anchored at the pole by the cell anchoring protein, HubP, in an 
ori-ter linear conformation (Figure 1.8.1D) (David et al., 2014; Fogel and 
Waldor, 2006; Yamaichi et al., 2012). Similarly to C. crescentus, the orientation 
of the ChrI is dictated by parS, because insertion of parS at ectopic position 
leads to reorganization of the chromosome (David et al., 2014). Conversely, 
ParABSII, unlike ParABSI, is essential for ChrII maintenance, segregation and 
subcellular localization at mid cell and is able to stabilize an unstable mini-F 
plasmid, suggesting an important role in chromosome partitioning (Fogel and 
Waldor, 2005; Yamaichi et al., 2007a; Yamaichi et al., 2007b). 
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1.8.4 Sulfolobus solfataricus  
The discovery of the segAB operon of S. solfataricus has provided the 
first insight into archaeal chromosome segregation. The segAB operon is a 
partitioning locus and indeed SegA has substantial sequence similarity to 
bacterial ParA. However, the DNA binding protein SegB does not appear to be 
related to ParB proteins, although it appears to function in an analogous 
manner by binding to centromeric elements upstream of the operon. In the 
presence of nucleotide, SegA polymerizes into a filament in vitro, and this 
activity is enhanced by SegB. Furthermore, disrupting the balance of SegAB in 
vivo leads to anucleate cell formation, strongly suggesting  a direct and 
important role in chromosome segregation, perhaps related to either the type I 
or type II plasmid partitioning systems (Kalliomaa-Sanford et al., 2012). 
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Figure 1.8.1: Chromosome organization in the various organisms 
 
Cartoon representation showing the organization of chromosome in various 
organisms. (A) Chromosome organization in the different developmental stages 
of B. subtilis. (i) The chromosome is organized into the left-ori-right formation in 
a single non-dividing cell. (ii) During vegetative growth, the chromosome adopts 
an ori-ter pattern where the origin is located at the cell quarter and the terminus 
at mid cell, with the two replication arms between them.  (iii) During sporulation 
the origin is tether to the forespore by RacA binding to DivIVA with the arrow 
showing the direction of chromosome movement (only the entraped 
chromosome is shown here). (iv) The soj-spo0J operon located at 359˚. (B) E. 
coli chromosome adopts a left-ori-right formation. (C) C. crescentus 
chromosome is organized in a linear fashion with the origin anchored to the cell 
pole by the ParB:parS complex with PopZ. (D) V. cholera chromosome I is 
anchored to the pole by HubP interaction with the ParB:parS complex in a linear 
fashion and chromosome II is localized at mid cell. Figures are modified from 
(Toro and Shapiro, 2010). 
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1.9 Structural Maintenance of Chromosome (SMC), nucleoid associated 
proteins (NAPs) and topoisomerase IV in segregation and organization 
 The proper organization of DNA requires three classes of proteins: (i) 
Structural Maintenance of Chromosome (SMC) complexes; (ii) Nucleoid 
Associated Proteins (NAPs); (iii) Topoisomerase IV (Topo IV). 
The Structural Maintenance of Chromosome (SMC) complexes, also 
known as condensin and cohesin in eukaryote, are ubiquitous in all three 
domains of life. Their architecture generally consists of Walker A and Walker B 
motifs at the N-terminus and C-terminus, respectively, which are separated by a 
long coiled-coil domain that adopts an antiparallel conformation, forming a rod-
like central domain with an ATP-binding head at one end and a hinge domain 
on the other. The hinge domain allows binding of two monomers to form the 
SMC V-shaped molecule. To complete the SMC ring complex, a kleisin protein 
associated with a second non-SMC protein is needed to bridge the SMC dimer 
(Figure 1.9.1A) (Nolivos and Sherratt, 2014).  
In eukaryotes, SMC complexes are involved in mitotic chromosome 
condensation and sister chromatid cohesion, and there are at least six different 
SMC proteins, ranging from SMC 1-6 that form heterodimers with several non-
SMC subunits (Figure 1.9.1A). SMC1-SMC3 forms cohesin that meditates sister 
chromatid cohesion, while SMC2-SMC4 forms condensin that is necessary for 
chromosome assembly and segregation. Interestingly, although both cohesin 
and condensin are structurally similar, their conformations are slightly different, 
likely reflecting their distinct activities (Nolivos and Sherratt, 2014).  
Genes encoding SMC complex homologues have been found in nearly 
all Gram-positive bacteria and archaea, although many Gram-negative bacteria 
appear to utilize the analogous MukBEF complex (Soppa, 2001). B. subtilis and 
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C. crescentus SMC complex and E. coli MukBEF adopts the same structure as 
eukaryotes, and the SMC/MukB dimer is bridged by ScpA/MukE (kleisin 
subunit ) and ScpB/MukF (non-kleisin subunit) (Figure 1.9.1B and 1.9.1C) 
(Nolivos and Sherratt, 2014). 
B. subtilis SMC complexes associate with DNA and are recruited to the 
replication origin region by Spo0J (Gruber and Errington, 2009; Sullivan et al., 
2009). In contrast, C. crescentus SMC complexes form multiple foci depending 
on the cell cycle stage, which may be required for holding the chromosome 
arms together (Jensen and Shapiro, 2003; Le et al., 2013; Schwartz and 
Shapiro, 2011). In addition, E. coli MukB foci colocalize with the origin and 
repletion experiments have suggested that MukBEF complexes position the 
origin at the cell quarter positions (Badrinarayanan et al., 2012; Danilova et al., 
2007).  Null mutants in any of the genes encoding the SMC/MukBEF complex 
leads to impairment in growth in rich medium, which can be alleviated by growth 
in conditions that lowers replication fork velocity. Furthermore, these mutants 
lead to anucleate cell formation with mis-positioned origins and the nucleoid 
structure appears to be grossly perturbed, consistent with the bacterial 
condensin having a critical role in chromosome organization and segregation 
(Badrinarayanan et al., 2012; Britton et al., 1998; Danilova et al., 2007; Gruber 
and Errington, 2009; Gruber et al., 2014; Jensen and Shapiro, 1999, 2003; Niki 
et al., 1991; Schwartz and Shapiro, 2011; Sullivan et al., 2009; Tadesse et al., 
2005; Wang et al., 2014b). 
 The Nucleoid Assoicated Proteins (NAPs) such as HU, H-NS, IHF and 
FIS binds throughout the genome and mediate nucleoid compaction through 
DNA bending and bridging and acts in concert with MukBEF in E. coli (Figure 
1.9.2A) (Ali et al., 2001; Dame et al., 2000; Skoko et al., 2006; Wang et al., 
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2013). In contrast, B. subtilis only possess one NAP called HBsu and is 
essential for cell viability  (Micka and Marahiel, 1992). 
In addition, topoisomerase IV (TopoIV) which belongs to the type II family 
of topoisomerase has been implicated in DNA segregation by decatenating 
newly replicated daughter chromosome together with DNA gyrase to alleviate 
positive coiling as DNA replication proceed caused by DNA being unwound by 
helicase (Figure 1.9.2B) (Crisona et al., 2000; Higgins et al., 1978; Wang et al., 
2013). In E. coli, MukBEF stimulates the activity of Topo IV and like the SMC 
complex of C. crescentus, recruits Topo IV to the replication origins and works 
in concert to promote decatenation and positioning of newly replicated origins 
(Li et al., 2010; Nicolas et al., 2014; Wang and Shapiro, 2004). Indeed, 
overproduction of Topo IV in B. subtilis rescues SMC deletion strain by restoring 
cell growth and nucleoid organization, but is not necessary to resolve replicated 
origins, suggesting a redundancy in these systems (Tadesse et al., 2005; Wang 
et al., 2014b). 
 
. 
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Figure 1.9.1: Architecture of SMC complexes 
 
The SMC protein consists of three distinct components, an ATPase head 
domain that is connected to the flexible dimerization hinge domain by a long 
coiled-coil. The SMC protein dimer is bridged by a kleisin subunit (red) that is 
associated with a non-kleisin subunit (orange). (A) Eukaryotic SMC complex. 
(B) B. subtilis and C. crescentus SMC complex. (C) E. coli MukBEF complex. 
Figures modified from (Nolivos and Sherratt, 2014). 
 
 
 
  
54 
 
 
Figure 1.9.2: Organization of the chromosome 
 
(A) Cartoon representation showing MUKBEF complex of E. coli in concert with 
NAPs to bend and bridge DNA for chromosome maintainance. (B) Cartoon 
representation showing compaction of the replicated origins in B. subtilis by 
SMC complex. Pre-catenanes and positive supercoil is generated as the 
replisome moves along the DNA and this is relieved by Topo IV and DNA 
gyrase. Figures modified from (Wang et al., 2013). 
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Chapter 2: Materials and Methods 
 
2.1 Maintenance and growth of strains 
Nutrient agar (Oxoid) was used for routine selection and maintenance of 
both B. subtilis and E. coli strains. Supplements were added as required: 
chloramphenicol (5 µg/ml), erythromycin (1 µg/ml), kanamycin (2 µg/ml), 
spectinomycin (50 µg/ml), tetracycline (10 µg/ml), zeomycin (10 µg/ml), 
ampicillin (200 µg/ml). For experiments in B. subtilis cells were grown either in 
Luria-Bertani LB or in defined minimal medium base (Spizizen minimal salts 
supplemented with Fe-NH4-citrate (1 µg/ml), MgSO4 (6 mM), CaCl2 (100 µM), 
MnSO4 (130 µM), ZnCl2 (1 µM), thiamine (2 µM)) supplemented with casein 
hydrolysate (200 µg/ml) and/or various carbon sources (succinate (2.0%), 
glucose (2.0%)). Supplements were added as required: tryptophan (20 µg/ml), 
erythromycin (1 µg/ml), spectinomycin (50 µg/ml). Unless otherwise stated all 
chemicals and reagents were obtained from Sigma-Aldrich.  
For plasmid expression and selection in E. coli cells were grown in LB 
medium and supplemented with ampicillin (200 µg/ml).  
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2.2 General DNA manipulation techniques 
 
2.2.1 Synthesis of oligonucleotides  
 Oligonucleotides used in this study are listed in Table 2.3 and were 
designed using clone manager and purchased from Eurogentec. All 
oligonucleotides were dissolved in water to give a 10 μM stock solution and 
stored at -20˚C. 
 
2.2.2 Polymerase chain reaction (PCR) amplification 
 PCR amplification was used to amplify DNA fragments from plasmids or 
chromosomal DNA templates. PCR reaction was carried out in a tube made up 
of 0.02 U/μl of Q5 DNA polymerase (NEB), 1x of Q5 buffer, 200 μM of dNTPs 
(Promega), 0.5 μM of each primers, < 1000 ng of DNA template and topped up 
to a final volume of 50 μl with water. PCR was carried out in a PCR machine 
(Techne) with a typical reaction cycle of: 98˚C for 30 sec (initial denaturation) 
followed by 25 cycles of: 98˚C for 10 sec (denaturation), 55˚C for 20 sec 
(annealing) and 72˚C for 1 kb per min (extension) and finished with a final 
extension of 72˚C for 2 min. 
 
2.2.3 PCR purification 
 PCR purification was performed using QiAquick PCR purification kit 
(Qiagen) and was used according to the manufacturer’s protocol. 
 
  
57 
 
2.2.4 Agarose gel electrophoresis 
DNA samples were mixed with DNA loading dye (Qiagen) and loaded 
onto1% agarose (Sigma-Aldrich) gel and DNA fragments were separated by 
molecular weight in 1x TBE buffer (90 mM Tris-borate and 2 mM EDTA). Gels 
were stained with ethidium bromide (Invitrogen) and visualized with a UV 
transilluminator and molecular sizes were estimated using either a 1 kb or 100 
bp ladder (NEB). 
 
2.2.5 DNA gel extraction  
DNA gel extraction was performed using QiAquick gel extraction kit 
(Qiagen) and was used according to the manufacturer’s protocol. 
 
2.2.6 Restriction endonuclease digestion 
Restriction endonucleases (Promega, Qiagen or NEB) were used to 
digest DNA according to manufacturer’s protocol. DNA were digested either for 
3 h at 37˚C or overnight at 30˚C and purified using the QiAquick PCR 
purification kit (Qiagen). 
 
2.2.7 Ligation of DNA fragments 
Linearized plasmids were treated for 2 h at 37˚C with 0.01 u/μg of calf 
intestinal alkaline phosphatase (Promega) after restriction endonuclease 
digestion and purified using the QiAquick PCR purification kit (Qiagen). The 
DNA fragments were then ligated together in a tube made up of 1 μl of T4 DNA 
ligase (Promega), 1x of ligase buffer, 50 ng of plasmid backbone, 37.5 ng of 
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DNA fragment and topped up to a final volume of 10 μl water. The ligation 
reactions were then incubated overnight at 15˚C. 
 
2.2.8 DNA sequencing 
Plasmids and DNA fragments were sequenced using the DNA 
sequencing service provided by the University of Dundee. 
 
2.3 E. coli experimental methods 
 
2.3.1 Transformation of E. coli  
E. coli strains DH5α were made competent using the method as 
described by (Hanahan, 1985). A range of plasmid concentration (10-50 ng) 
were then transformed into 200 μl of competent DH5α cells on ice for 30 min 
before subjected to heat shock at 42˚C for 90 sec and finally incubated on ice 
for a further 2 min. Competent DH5α were then incubated in 1 ml of LB at 30˚C 
for 1 h and subsequently plated onto NA plates supplemented with ampicillin 
(200 µg/ml). 
 
2.3.2 Isolation of plasmid DNA  
Overnight cultures containing 5ml of LB supplemented with ampicillin 
(200 µg/ml) were grown at 37˚C and plasmids were isolated using the QIAprep 
Spin Miniprep kit (Qiagen) according to the manufacturer’s protocol. Plasmid 
DNA was then stored at -20˚C. 
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2.4 B. subtilis experimental methods 
 
2.4.1 Transformation of B. subtilis  
 Starter culture of strains were grown in 2 ml of minimal media (Spizizen 
minimal salts supplemented with Fe-NH4-citrate (0.01 mg/ml), MgSO4 (6 mM), 
casein hydrolysate (200 µg/ml), glucose (0.5%), tryptophan (0.02 mg/ml) 
overnight at 37˚C. The next morning, 300 μl of cultures were diluted into 5 ml of 
fresh MM media and allowed to grow for 4 h at 37˚C. 5 ml of prewarmed 
starvation media (SMM and glucose (0.5%)) were then added to the cultures 
and allowed for a further growth of 2 h. A range of DNA/plasmid concentration 
(100-600 ng) was then incubated together with the competent cells for 1 h at 
37˚C to allow DNA/plasmid to be uptaken.  Transformed cells were then 
subsequently plated onto NA plates supplemented with the appropriate 
antibiotics. 
 
2.4.2 Isolation of chromosomal DNA (Quick Prep) 
 Starter culture of strains were grown overnight at 37˚C in LB.  The next 
morning, cultures were diluted into fresh LB (1:50) and allowed to grow to OD600 
0.8. 1 ml of each culture was then mixed with 1 ml of SSC buffer and 
centrifuged. The cell pellets were resuspended in 950 μl of SSC buffer and 50 
μl of lysozyme and incubated at 37˚C for 30 min to lyse the cell. Finally 1 ml of 
NaCI (4 M) was added to the cell mixture and subsequently sterile filtered 
through a Millipore filter (0.45 μm). Chromosomal DNA was then stored at -
20˚C. 
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2.4.3 Isolation of chromosomal DNA (DNeasy Blood and Tissue Kit 
(Qiagen)) 
Strains were growth overnight in 5 ml of LB at 37˚C. The next morning, 
DNeasy Blood and Tissue Kit (Qiagen) was used according to the 
manufacturer’s protocol to isolate chromosomal DNA. Chromosomal DNA was 
then stored at -20˚C. 
 
2.5 Marker frequency analysis 
To obtain chromosomal DNA, starter cultures were grown at 30˚C or 
37˚C in SMM based medium supplemented with tryptophan (20 µg/ml), casein 
hydrolysate (200 µg/ml), succinate (2.0%) and antibiotic (as indicated) 
overnight, then diluted 1:100 into fresh medium supplemented with succinate 
(2.0%) to reduce multi-fork replication and antibiotic (as indicated) and allowed 
to achieve early exponential growth (OD600 0.3-0.4). Sodium azide (0.5%; 
Sigma) was added to exponentially growing cells to prevent further metabolism. 
Chromosomal DNA was isolated using a DNeasy Blood and Tissue Kit 
(Qiagen). Either Rotor-Gene SYBR Green (Qiagen) or GoTaq (Promega) qPCR 
mix was used for PCR reactions. Q-PCR was performed in a Rotor-Gene Q 
Instrument (Qiagen). For quantification of the origin, the intergenic region 
between dnaA and dnaN was amplified using primers 5’-
GATCAATCGGGGAAAGTGTG-3’ and 5’-GTAGGGCCTGTGGATTTGTG-3’. 
For quantification of the terminus, the region downstream of yocG was amplified 
using primers 5’-TCCATATCCTCGCTCCTA CG-3’ and 5’-
ATTCTGCTGATGTGCAATGG-3’. By use of crossing points (CT) and PCR 
efficiency a relative quantification analysis (ΔΔCT) was performed using Rotor-
Gene Software version 2.0.2 (Qiagen) to determine the ori/ter ratio of each 
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sample. These results were normalized to the ori/ter ratio of a DNA sample from 
B. subtilis spores which only contain one chromosome and thus have an ori/ter 
ratio of 1. 
 
2.6 Microscopy  
To visualize cells during exponential growth, starter cultures were grown 
overnight and then diluted 1:100 into fresh medium and allowed to achieve at 
least three doublings before observation as described for marker frequency 
analysis. Cells were mounted on ~1.2% agar pads (0.25x minimal medium 
base) and a 0.13-0.17 mm glass coverslip (VWR) was placed on top. To 
visualize individual cells the cell membrane was stained with 0.4 µg/ml FM5-95 
(Molecular Probes). Microscopy was performed on an inverted epifluorescence 
microscope (Nikon Ti) fitted with a Plan-Apochromat objective (Nikon DM 
100x/1.40 Oil Ph3). Light was transmitted from a 300 Watt xenon arc-lamp 
through a liquid light guide (Sutter Instruments) and images were collected 
using a CoolSnap HQ2 cooled CCD camera (Photometrics). All filters were 
Modified Magnetron ET Sets from Chroma and details are available upon 
request. Digital images were acquired and analysed using METAMORPH 
software (version V.6.2r6). 
Visualization of GFP-Soj and DAPI staining was conducted in minimal 
medium supplemented with 2% glucose at 37˚C because optimal GFP and 
DAPI signal was achieved at this condition.  
Visualization of Spo0J-GFP, TetR-GFP and LacI-YFP was conducted 
using the same conditions as stated in the marker frequency analysis. 
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2.7 Western blot analysis 
To detect protein in strains, starter cultures were grown overnight and 
then diluted 1:100 into fresh medium and allowed to achieve at least three 
doublings before 1 ml of cultures were centrifuged to remove supernatant and 
the cell pellet quick freeze in liquid nitrogen. The pellets were then resuspended 
in 104 μl of sonication buffer (PBS supplemented with Roche mini-complete 
tablet and 1 mM of EDTA) and sonicated twice (15 sec at lowest setting). 4x of 
Laemmli buffer (Invitrogen) and 10x of reducing agent (Invitrogen) were added 
to the sonicated cells and heated for 10 min at 80˚C to disrupt the protein 
disulphide bonds. Cell debris were spun down and 10 μl of samples were 
loaded into a NuPAGE 4-12% Bis-Tris gradient gel in MES buffer (Life  
technologies) containing antioxidant (Invitrogen) and separated by 
electrophoresis at 150 V for 45-60 min. The proteins were then transferred to a 
Hybond-P PVDF membrane (GE Healthcare) with  transfer buffer (20% 
methanol in 0.5x MES buffer) using a semi dry apparatus (Hoefer Scientific 
Instruments). The transferred membrane was then blocked in blocking buffer 
(0.1% Tris and 7.5% of skimmed milk powder in PBS) for 2 h and rinsed twice 
for 5 min in PBST. Polyclonal primary antibodies (1:5000 for α-Spo0J, 1:2500 
for α-Soj and 1:5000 for α-DivlVA) were added to the buffer (5 ml of blocking 
buffer in 20 ml of PBST) and incubated for 2 h to probe for the protein of 
interest. The membrane was washed twice for 5 min in PBST and anti-rabbit 
horseradish peroxidase-linked secondary antibody (2 μl if HRP in 5 ml of 
blocking buffer and 20 ml of PBST) was incubated for 1 h and again the 
membrane was rinsed twice in PBST for 5 min.  An ImageQuant LAS 4000 mini 
digital imaging system (GE Healthcare) was used to detect the protein of 
interest.  
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2.8 Sporulation assays 
To induce sporulation in B. subtilis, cells were grown in 2 ml of 
hydrolysed casein (CH) media overnight at 30˚C. The starter culture were then 
diluted back into CH media to an OD600 0.1 and allowed to grow until OD600 0.9 
to 1.0 at 37˚C. The cultures were then centrifuged and resuspended in 2 ml of 
SM media and allowed to grow for a further 24 h at 37˚C. The next day, 50 μl of 
the cultures were diluted into 450 μl of LB to form two sets. Set A will be heat 
shocked at 80˚C for 25 min to kill cells, while set B will not be heat shock and 
will serve as the total viable cell counts. 10-fold serial dilutions of both sets were 
done and 50 μl of culture from each sets were plated onto NA plates and 
incubated overnight at 37˚C. The next day, colonies were counted and 
sporulation frequencies were determined as the ratio of heat resistant colony 
forming units (80˚C for 20 min) to total colony forming units.  
 
2.9 Measurement of focus position within cells with two foci 
For each cell, the focus closest to a pole was designated (Near), and the 
other focus was designated (Far). Three measurements were made: (i) the 
distance from the pole to the center of focus (near); (ii) the distance from the 
same pole to the center of focus (far); and (iii) the distance between the two 
poles (cell length).  
To determine the distance of the focus (near) from the cell pole, the 
measured distance was divided by cell length, and multiplied by 100 to give the 
focus position as a percentage of cell length. To determine the distance of the 
focus (far) from the cell pole, the measured distance (far) was subtracted from 
the cell length and multiplied by 100 to give the focus position as a percentage 
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of cell length. These numbers were averaged for all cells in a sample. The 95% 
confidence intervals for the mean were calculated  
Interfocal distance was calculated by subtracting focus (near) from focus 
(far), divided by cell length, and multiplied by 100 to give the focus distance as a 
percentage of cell length. These numbers were averaged for all cells in a 
sample. The 95% confidence intervals for the mean were calculated. 
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2.10 Strain list 
 
Table 1:  Strain list 
Strain Genotype Reference 
168CA Wild-type trpC2 (Kunst et al., 1997) 
AH3159 spo0jΩpGR112 (spo0j-gfp cat) (Real et al., 2005) 
AK47 
trpC2 yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc) 
(Murray and Koh, 2014) 
AK83 trpC2 cotS::(parS
16 cat)  
This work. PSL23 transformed  into 
168CA 
AK87 
trpC2 spo0J::neo spo0J::neo 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc) yheH::(parS16 tet) 
cotS::(parS16 cat)  
This work. AK83 transformed into 
AK99 
AK89 
trpC2 Δsoj::neo yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc) 
yheH::(parS16 tet) cotS::(parS16 
cat)  
This work. HM766 transformed into 
AK97 
AK91 trpC2 yheH::(parS
16 cat) 
This work. PSL25 transformed into 
168CA 
AK93 trpC2 yheH::(parS
16 tet) 
This work. Pcat:tet transformed 
into AK91 
AK95 
trpC2 yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc) 
yheH::(parS16 tet) 
This work. AK93 transformed into 
AK47 
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AK97 
trpC2 yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc) 
yheH::(parS16 tet) cotS::(parS16 
cat) 
This work. AK83 transformed into 
AK95 
AK99 
trpC2 spo0J::neo yycR::(tetO25 
erm) amyE::(Pspac(c)-tetR-gfp spc) 
yheH::(parS16 tet)  
This work. HM765 transformed into 
AK95 
AK123 
trpC2 Δspo0J::neo yycR::(tetO25 
erm) amyE::(Pspac(c)-tetR-gfp spc) 
yheH::(parS16 tet) cotS::(parS16 
cat)  
This work. HM907 transformed into 
AK97 
AK150 
trpC2 yheH::(parS16 tet) 
cotS::(parS16 cat) 
This work. AK83 transformed into 
AK91 
AK153 
trpC2 spo0J-gfp::neo 
yheH::(parS16 tet) cotS::(parS16 
cat)  
This work. HM756 transformed into 
Ak150 
AK169 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc) 
This work. BKM865 transformed 
into BKM918 
AK171 
∆8parS yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc) 
This work. PCR fragment of 
(oAK7/8) & (oAK5/6) transformed 
into BNS1657 
AK177 
∆8parS neo(soj-spo0j) 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc)  
This work. pHM309 transformed 
into AK171 
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AK179 
∆8parS ∆spo0J::neo yycR::(tetO25 
erm) amyE::(Pspac(c)-tetR-gfp spc)  
This work. pHM456 transformed 
into AK171 
AK181 
neo(soj-spo0j) yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc)  
This work. pHM422 transformed 
into AK169 
AK183 
∆spo0J::neo yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc) 
This work. HM907 transformed into 
AK169 
AK199 
trpC2 gfp-soj::neo yheH::(parS16 
tet) cotS::(parS16 cat)  
This work. HM740 transformed into 
AK150 
AK205 ∆9parS  
This work. pAK09 transformed into 
BNS1657 
AK207 
∆9parS neo(soj-spo0j) 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc)  
This work. pAK09 transformed into 
AK177 
AK209 
∆9parS ∆spo0J::neo yycR::(tetO25 
erm) amyE::(Pspac(c)-tetR-gfp spc)  
This work. pAK09 transformed into 
AK179 
AK213 ∆9parS 
This work. pAK23 transformed into 
BNS1657 
AK215 ∆10parS  
This work. pAK23 transformed into 
AK205 
AK225 
∆10parS neo(soj-spo0j) 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc)  
This work. pAK23 transformed into 
AK207 
AK227 
∆10parS ∆spo0J::neo 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc)  
This work. pAK23 transformed into 
AK209 
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AK239 neo(soj-spo0j) 
This work. pAK26 transformed into 
PY79 
AK241 ∆spo0J::neo 
This work. pAK28 transformed into 
PY79 
AK243 ∆10parS neo(soj-spo0j) 
This work. pAK32 transformed into 
AK215 
AK245 ∆10parS ∆spo0J::neo  
This work. pAK30 transformed into 
AK215 
AK249 spo0J
R149A::neo 
This work. pAK38 transformed into 
PY79 
AK251 spo0J
G77S::neo 
This work. pAK44 transformed into 
PY79 
AK259 ∆9parS+359 neo(soj-spo0j)  
This work. pAK26 transformed into 
AK215 
AK261 ∆9parS+359 ∆spo0J::neo 
This work. pAK28 transformed into 
AK215 
AK277 gfp-soj::neo 
This work. pHM23 transformed into 
PY79 
AK279 (gfp-soj ∆spo0J)::neo 
This work. pHM33 transformed into 
PY79 
AK281 ∆10parS gfp-soj::neo 
This work. pAK48 transformed into 
AK215 
AK283 ∆10parS (gfp-soj ∆spo0J)::neo  
This work. pAK50 transformed into 
AK215 
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AK305 ∆9parS+359 gfp-soj::neo  
This work. pHM23 transformed into 
AK215 
AK307 ∆9parS+359 (gfp-soj ∆spo0J) ::neo 
This work. pHM33 transformed into 
AK215 
AK315 ∆9parS+90 
This work. pAK56 transformed into 
AK205 
AK323 ∆9parS+90 neo(soj-spo0j) 
This work. pAK32 transformed into 
AK315 
AK325 ∆9parS+90 ∆spo0J::neo 
This work. pAK30 transformed into 
AK315 
AK367 spo0J-gfp::neo 
This work. pAK82 transformed into 
PY79 
AK369 ∆10parS spo0J-gfp::neo 
This work. pAK83 transformed into 
AK215 
AK373 ∆9parS+90 spo0J-gfp::neo 
This work. pAK83 transformed into 
AK315 
AK399 ∆9parS+90 gfp-soj::neo 
This work. pAK48 transformed into 
AK315 
AK405 
∆9parS+90 yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc) 
This work. pAk56 transformed into 
AK207 
AK417 ∆9parS+90 spo0JR149A::neo 
This work. pAK42 transformed into 
AK315 
AK419 ∆9parS+90 spo0JG77S::neo 
This work. pAK46 transformed into 
AK315 
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AK421 (∆soj spo0J-gfp)::neo 
This work. pAK102 transformed 
into PY79 
AK425 ∆9parS+90 (∆soj spo0J-gfp)::neo 
This work. pAK103 transformed 
into AK315 
AK427 neo(soj-spo0j) (pLOSS parS
+) 
This work. pAK92 transformed into 
AK239 
AK429 neo(soj-spo0j) (pLOSS parS
-) 
This work. pAK97 transformed into 
AK239 
AK431 ∆spo0J::neo (pLOSS parS+) 
This work. pAK92 transformed into 
AK241 
AK433 ∆spo0J::neo (pLOSS parS-) 
This work. pAK97 transformed into 
AK241 
AK435 
∆10parS neo(soj-spo0j) (pLOSS 
parS+) 
This work. pAK92 transformed into 
AK243 
AK437 
∆10parS neo(soj-spo0j) (pLOSS 
parS-) 
This work. pAK97 transformed into 
AK243 
AK439 
∆10parS ∆spo0J::neo (pLOSS 
parS+) 
This work. pAK92 transformed into 
Ak245 
AK441 
∆10parS ∆spo0J::neo (pLOSS 
parS-) 
This work. pAk97 transformed into 
AK245 
AK455 spo0J-gfp::neo (pLOSS parS
+) 
This work. pAK104 transformed 
into AK367 
AK457 spo0J-gfp::neo (pLOSS parS
-) 
This work. pAK106 transformed 
into AK367 
  
  
71 
 
AK459 
∆10parS spo0J-gfp::neo (pLOSS 
parS+) 
This work. pAK104 transformed 
into AK369 
AK461 
∆10parS spo0J-gfp::neo (pLOSS 
parS-) 
This work. pAK106 transformed 
into AK369 
AK463 gfp-soj::neo (pLOSS parS
+) 
This work. pAK92 transformed into 
AK277 
AK465 gfp-soj::neo (pLOSS parS
-) 
This work. pAK97 transformed into 
AK277 
AK467 
(gfp-soj ∆spo0J)::neo (pLOSS 
parS+) 
This work. pAK92 transformed into 
AK279 
AK469 
(gfp-soj ∆spo0J)::neo (pLOSS 
parS-) 
This work. pAK97 transformed into 
AK279 
AK471 
∆10parS gfp-soj::neo (pLOSS 
parS+) 
This work. pAK92 transformed into 
AK281 
AK473 
∆10parS gfp-soj::neo (pLOSS 
parS-) 
This work. pAK97 transformed into 
AK281 
AK475 
∆10parS (gfp-soj ∆spo0J)::neo 
(pLOSS parS+) 
This work. pAK92 transformed into 
AK283 
AK477 
∆10parS (gfp-soj ∆spo0J)::neo 
(pLOSS parS-) 
This work. pAK97 transformed into 
AK283 
AK519 
∆9parS yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc) 
This work. pAK23 transformed into 
AK171 
AK521 
∆10parS yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc) 
This work. pAK09 transformed into 
AK519 
  
  
72 
 
AK547 trpC2 (gfp-soj ∆spo0J)::neo 
This work. HM13 transformed into 
168CA 
AK553 ∆9parS+90 ∆(soj-spo0J)::neo 
This work. pAK100 transformed 
into AK315 
AK555 ∆9parS+90 ∆soj::neo 
This work. pAK101 transformed 
into AK315 
AK557 ∆soj::neo 
This work. pAK98 transformed into 
PY79 
AK559 ∆(soj-spo0J)::neo 
This work. pAK99 transformed into 
PY79 
AK561 ∆9parS+359 ∆(soj-spo0J)::neo 
This work. pAK99 transformed into 
AK215 
AK563 ∆10parS ∆(soj-spo0J)::neo  
This work. pAK100 transformed 
into AK215 
AK569 
trpC2 (gfp-soj ∆spo0J)::neo 
(plasmid parS-) 
This work. pHM430 transformed 
into AK547 
AK571 
trpC2 (gfp-soj ∆spo0J)::neo 
(plasmid parS+) 
This work. pHM432 transformed 
into AK547 
AK573 
trpC2 Δ(soj-spo0J)::neo 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc) 
This work. HM749 transformed into 
AK47 
AK575 
trpC2 Δ(soj-spo0J)::neo 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc) yheH:: (parS16 tet) 
cotS::(parS16 cat) 
This work. HM749  transformed 
into AK97 
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AK577 
trpC2 (gfp-soj ∆spo0J)::neo 
yheH::(parS16 tet) cotS::(parS16 
cat) 
This work. AK547 transformed into 
AK150 
AK585 
trpC2 (Δsoj Δspo0J tetOarray)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
This work. HM194 transformed into 
168CA 
AK587 
trpC2 (Δsoj Δspo0J tetOarray)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(plasmid parS-) 
This work. pHM430 transformed  
into AK585 
AK589 
trpC2 (Δsoj Δspo0J tetOarray)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(plasmid parS+) 
This work. pHM432 transformed 
into AK585 
AK591 
∆9parS+359 yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc) 
This work. pAK26 transformed into 
AK521 
AK593 ∆9parS+359 spo0J-gfp::neo 
This work. pAK82 transformed into 
AK215 
AK595 ∆10parS (∆soj spo0J-gfp)::neo  
This work. pAK103 transformed 
into AK215 
AK597 ∆9parS+270 spo0J-gfp::neo 
This work. pAK180 transformed 
into AK369 
AK599 ∆9parS+270 gfp-soj::neo 
This work. pAK180 transformed 
into AK281 
AK601 
∆9parS+270 (gfp-soj ∆spo0J-
gfp) ::neo 
This work. pAK180 transformed 
into AK283 
AK603 ∆9parS+270 (soj-spo0j)::neo 
This work. pAK180 transformed 
into AK243 
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AK605 ∆9parS+270 ∆spo0J::neo 
This work. pAK180 transformed 
into AK245 
AK607 ∆9parS+270 ∆(soj-spo0J)::neo 
This work. pAK180 transformed 
into AK563 
AK615 
∆9parS+90 ∆spo0J::neo 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc) 
This work. pAK56 transformed into 
AK209 
AK617 ∆10parS ∆soj::neo  
This work. pAK101 transformed 
into AK215 
AK619 ∆soj::neo (pLOSS parS+) 
This work. pAK92 transformed  into 
AK557 
AK621 ∆soj::neo (pLOSS parS-) 
This work. pAK97 transformed  into 
AK557 
AK623 ∆(soj-spo0J)::neo (pLOSS parS+) 
This work. pAK92 transformed into 
AK559 
AK625 ∆(soj-spo0J)::neo (pLOSS parS-) 
This work. pAK97 transformed into 
AK559 
AK627 
∆10parS ∆(soj-spo0J)::neo 
(pLOSS parS+) 
This work. pAK92 transformed into 
AK563 
AK629 
∆10parS ∆(soj-spo0J)::neo 
(pLOSS parS-) 
This work. pAK97 transformed into 
AK563 
AK631 ∆10parS ∆soj::neo (pLOSS parS+) 
This work. pAK92 transformed into 
AK617 
AK633 ∆10parS ∆soj::neo (pLOSS parS-) 
This work. pAK97 transformed into 
AK617 
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AK639 
∆9parS+359 ∆spo0J::neo 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc) 
This work. pAK28 transformed into 
AK521 
AK641 ∆9parS+359 (∆soj spo0J-gfp)::neo  
This work. pAK102 transformed 
into AK215 
AK643 ∆9parS+270 (∆soj spo0J-gfp)::neo 
This work. pAK180 transformed 
into AK595 
AK649 ∆9parS+270 ∆soj::neo 
This work. pAK180 transformed 
into AK617 
AK665 ∆9parS ∆soj::tet 
This work. pHM59 transformed into 
AK205 
AK667 ∆8parS+359 ∆soj::neo 
This work. pHM160 transformed 
into AK665 
AK669 ∆9parS+359 ∆soj::neo 
This work. AK213 transformed into 
AK667 
BKM865 
yycR::(tetO25 erm) amyE::(Pspac(c)-
tetR-gfp spc) 
(Wagner et al., 2009) 
BKM918 yycR::(tetO25 erm) (Wagner et al., 2009) 
BNS1657 ∆8parS (Sullivan et al., 2009) 
DCL484 ∆6parS (Lin and Grossman, 1998) 
HM4 trpC2 gfp-soj::neo (Murray and Errington, 2008) 
HM13 trpC2 (gfp-soj ∆spo0J)::neo (Murray and Errington, 2008) 
HM34 trpC2 spo0J::neo (Murray and Errington, 2008) 
HM61 trpC2 spo0J-gfp::neo (Leaver et al., 2009) 
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HM130 
trpC2 (spo0J tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(Murray and Errington, 2008) 
HM168 
trpC2 (Δspo0J tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(Murray and Errington, 2008) 
HM171 
trpC2 (Δsoj tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(Murray and Errington, 2008) 
HM183 trpC2 Δ(soj-spo0J)::neo (Scholefield et al., 2011) 
HM194 
trpC2 (Δsoj Δspo0J tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(Murray and Errington, 2008) 
HM226 trpC2 pheA Δspo0J::neo (Murray and Errington, 2008) 
HM227 trpC2 pheA Δsoj::neo (Murray and Errington, 2008) 
HM740 trpC2 gfp-soj::neo 
This work. HM4 transformed into 
168CA 
HM747 trpC2 spo0J::neo 
This work. HM34 transformed into 
168CA 
HM748 trpC2 Δsoj::neo 
This work. HM227 transformed into 
168CA 
HM749 trpC2 Δ(soj-spo0J)::neo 
This work. HM183 transformed into 
168CA 
HM754 trpC2 Δspo0J::neo 
This work. HM226 transformed into 
168CA 
HM756 trpC2 spo0J-gfp::neo 
This work. HM61 transformed into 
168CA 
HM765 
trpC2 spo0J::neo yycR::(tetO25 
erm) amyE::(Pspac(c)-tetR-gfp spc)  
This work. HM747 transformed into 
AK47 
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HM766 
trpC2 Δsoj::neo yycR::(tetO25 erm) 
amyE::(Pspac(c)-tetR-gfp spc)   
This work. HM748 transformed into 
AK47 
HM821 
trpC2 spo0J-gfp::neo (plasmid 
parS-) 
This work. pHM430 transformed 
into HM756 
HM823 
trpC2 spo0J-gfp::neo (plasmid 
parS+) 
This work. pHM432 transformed 
into HM756 
HM831 
trpC2 (Δspo0J tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet)  
This work. HM168 transformed into 
168CA 
HM832 
trpC2 (Δsoj tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
This work. HM171 transformed into 
168CA 
HM834 
trpC2 (Δspo0J tetO150)::neo) 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(plasmid parS-) 
This work. pHM430 transformed 
into HM831 
HM835 
trpC2 (Δsoj tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(plasmid parS-) 
This work. pHM430 transformed 
into HM832 
HM837 
trpC2 (Δspo0J tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(plasmid parS+) 
This work. pHM432 transformed 
into HM831 
HM838 
trpC2 (Δsoj tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(plasmid parS+) 
This work. pHM432 transformed 
into HM832 
HM853 
trpC2 (spo0J tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
This work. HM130 transformed into 
168CA 
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HM855 
trpC2 (spo0J tetO150):: neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(plasmid parS-) 
This work. pHM430 transformed 
into HM853 
HM856 
trpC2 (spo0J tetO150)::neo 
cgeD::(Ppen(mutTTAG)-tetR-yfp tet) 
(plasmid parS+) 
This work. pHM432 transformed 
into HM853 
HM870 trpC2 gfp-soj::neo (plasmid parS
-) pHM430 transformed into HM740 
HM871 trpC2 gfp-soj::neo (plasmid parS
+) pHM432 transformed into HM740 
HM907 
trpC2 Δspo0J::neo yycR::(tetO25 
erm) amyE::(Pspac(c)-tetR-gfp spc) 
HM754 transformed into AK47 
JH693 spo0J
G77S 
(Hoch and Mathews, 1973; 
Hranueli et al., 1974) 
PSL23 
trpC2 Δ6parS spo0J-gfp 
cotS::(parS16 cat)  
(Lee et al., 2003) 
PSL25 
trpC2 Δ6parS spo0J-gfp 
yheH::(parS16 cat) 
(Lee et al., 2003) 
PY79 Wild-type prototroph (Youngman et al., 1983) 
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2.11 Plasmid list 
 
Table 2: Plasmid list 
Plasmid Genotype Construction Reference 
pCat::Tet cat::tet  
(Steinmetz 
and Richter, 
1994) 
pAK05 bla cat ‘sigX ∆parS206::zeo 
‘sigX (oAK17/oAK18) 
ligated into pHM457 
(HindIII-Asp718I) 
This work 
pAK09 
bla cat ‘sigX  ∆parS206::zeo 
resE‘ 
resE‘ (oAk15/oAK16) 
ligated into pAK05 
(SacI-SacII) 
This work 
pAK11 bla cat pheo 
Pheo from pIC22 
subcloned into 
pHM01 (BamHI) 
This work 
pAK13 bla cat ‘yhaX-parS90 pheo 
Site directed 
mutagenesis of 
‘yhaXparS90 (oAK38 
/oAK39) ligated into 
pAK11 (SacI-SacII) 
This work 
pAK14 bla cat pheo hemZ’ 
hemZ’ 
(oAK40/oAK41) 
ligated into pAK11 
(XhoI-Asp718I) 
This work 
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pAK15 
bla cat ‘yhaX-parS90 ::pheo 
hemZ‘ 
yhaX-parS90 (pAK13) 
subcloned into pAK14 
(SacI-SacII) 
This work 
pAK23 
bla cat ‘yhaX-parS90::tet 
hemZ’ 
Tet (oAK47/oAK51) 
from pBEST309 
ligated into pAK15 
(BamHI-PstI) 
This work 
pAK26 
bla cat ‘soj-spo0J::neo 
yyaC’ 
‘soj-spo0J-neo 
(oAK55/oGJS431) 
from pHM48 ligated 
into pHM23 (BlnI-
NotI) 
This work 
pAK28 
bla cat ‘soj-∆spo0J::neo 
yyaC’ 
‘soj-∆spo0J-neo 
(oAK55/oGJS431) 
from pHM52 ligated 
into pHM23 (BlnI-
NotI) 
This work 
pAK30 
bla cat ‘soj-∆spo0J-parS-
::neo 
‘soj-∆spo0J-parS-neo 
(oAK55/oGJS431) 
from pHM456 ligated 
into pHM23 (BlnI-
NotI) 
This work 
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pAK32 
bla cat ‘soj-spo0J-parS-
::neo yyaC’ 
‘soj-spo0J-parS-
(oAK52/oAK53) from 
pHM142 ligated into 
pAK26 (SacII-XbaI) 
This work 
pAK38 
bla cat ‘soj-spo0JR149A::neo 
yyaC’ 
spo0JR149A mutation 
(oHM76/oGJS149) 
from pSG4616 ligated 
into pAK26 (NdeI-
HindIII) 
This work 
pAK42 
bla cat ‘soj-spo0JR149A-
parS-::neo yyaC’ 
spo0JR149A mutation 
(oHM76/oGJS149) 
from pSG4616 ligated 
into pAK32 (NdeI-
HindIII) 
This work 
pAK44 
bla cat ‘soj-spo0JG77S::neo 
yyaC’ 
spo0JG77S mutation 
(oAK52/oGJS149) 
from JH693 ligated 
into pAK26 (NdeI-
HindIII) 
This work  
pAK46 
bla cat ‘soj- spo0JG77S-
parS-::neo yyaC’ 
spo0JG77S mutation 
(oAK52/oGJS149) 
from Spo0J93 ligated 
into pAK32 (NdeI-
HindIII) 
This work 
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pAK48 
bla cat  ‘yyaB Psoj-gfp-soj-
spo0J-parS-::neo yyaC’ 
‘soj-spo0J-parS- 
(oAK52/oAK53) from 
pHM309 ligated into 
pHM23 (SacII-XbaI) 
This work 
pAK50 
bla cat  ‘yyaB Psoj-gfp-soj-
∆spo0J-parS-::neo yyaC’ 
‘soj-∆spo0J-parS- 
(oAK52/oAK53) from 
pHM456 ligated into 
pHM23 (SacII-XbaI) 
This work 
pAK56 
bla cat ‘yhaXparS90::tet 
parS+ hemZ’ 
‘soj-parS+-spo0J’ 
(oAK61/oAK62) from 
pHM48 ligated into 
pAK23 (NotI) 
This work 
pAK82 
bla cat ‘soj-spo0J-gfp::neo 
yyaC’ 
‘spo0J-gfp (pHM110) 
subcloned into pAK26 
(XcmI-XbaI) 
This work 
pAK83 
bla cat ‘soj-spo0J-gfp-
parS-::neo yyaC’ 
‘spo0J-gfp (pHM110) 
subcloned into pAK32 
(XcmI-XbaI) 
This work 
pAK92 spc parS
+ 
‘spo0J-parS+-spo0J’ 
(oAK61/oAK62) from 
pHM48 ligated into 
pAK97 (NotI) 
This work 
pAK97 spc 
pLOSS renamed to 
pAK97 
(Claessen 
et al., 2008) 
  
  
83 
 
pAK98 
bla cat ‘∆soj-spo0J::neo 
yyaC’ 
‘∆soj (oAK58/oHM20) 
from pHM160 ligated 
into pAK26 (KpnI-
SacII) 
This work 
pAK99 
bla cat ‘∆(soj-spo0J)::neo 
yyaC’ 
‘∆soj (oAK58/oHM20) 
from pHM160 ligated 
into pAK28 (KpnI-
SacII) 
This work 
pAK100 
bla cat ‘(∆soj-spo0J-parS-
)::neo 
‘∆soj (oAK58/oHM20) 
from pHM160 ligated 
into pAK30 (KpnI-
SacII) 
This work 
pAK101 
bla cat ‘∆soj-spo0J-parS-
::neo yyaC’ 
‘∆soj (oAK58/oHM20) 
from pHM160 ligated 
into pAK32 (KpnI-
SacII) 
This work 
pAK102 
bla cat ‘∆soj-spo0J-
gfp::neo yyaC’ 
‘∆soj (oAK58/oHM20) 
from pHM160 ligated 
into pAK82 (KpnI-
SacII) 
This work 
pAK103 
bla cat ‘∆soj-spo0J-gfp-
parS-::neo yyaC’ 
‘∆soj (oAK58/oHM20) 
from pHM160 ligated 
into pAK83 (KpnI-
SacII) 
This work 
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pAK104 spc tetOarray parS
+ 
tetOarray from pLAU44 
subcloned into pAK92 
(SacI) 
This work 
pAK106 spc tetOarray 
tetOarray from pLAU44 
subcloned into pAK97 
(SacI) 
This work 
pAK128 bla cat ‘ytcC::zeo 
‘ytcC 
(oAK191/oAK192) 
ligated into pHM457 
(SacI-SacII) 
This work 
pAK130 bla cat zeo ytxO’ 
ytxO’ 
(oAK189/oAK190) 
ligated into pHM457 
(KpnI-XhoI) 
This work 
pAK136 bla cat ‘ytcC::zeo ytxO’ 
ytxO’ from pAK130 
subcloned into 
pAK128 (KpnI-XhoI) 
This work 
pAK178 bla cat ‘ytcC::erm ytxO’ 
erm 
(oAK227/oAK257) 
from pHM432 ligated 
into pAK136 (BamHI-
XhoI) 
This work 
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pAK180 
bla cat ‘ytcC::erm parS+ 
ytxO’ 
‘soj-spo0J-parS- 
(oAK216/oAK217) 
from pHM422 ligated 
into pAK178 (XbaI) 
This work 
pBEST309 bla tet  
(Itaya, 
1992) 
pIC22 bla phleo  
(Steinmetz 
and Richter, 
1994) 
pSG4616 bla cat spo0J
R149A  
(Autret et 
al., 2001) 
pHM01 bla cat  
(Murray et 
al., 2006) 
pHM16 
bla cat  Psoj-soj-spo0J::neo 
yyaC’ 
 
(Murray et 
al., 2006) 
pHM23 
bla cat  ‘yyaB-Psoj-gfp-soj-
spo0J::neo yyaC’ 
 
(Murray and 
Errington, 
2008) 
pHM33 
bla cat  ‘yyaB-Psoj-gfp-soj 
∆spo0J::neo yyaC’ 
 
(Murray and 
Errington, 
2008) 
pHM48 
bla cat Psoj-soj-spo0J::neo 
yyaC’ 
 
(Murray and 
Errington, 
2008) 
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pHM52 
bla cat  Psoj-soj-
∆spo0J::neo yyaC’ 
 
(Murray and 
Errington, 
2008) 
pHM59 
bla cat  ‘yyaB-Psoj::tet 
yyaC’ 
 
(Murray and 
Errington, 
2008) 
pHM109 
bla cat  ‘yyaB Psoj-soj-
spo0J::neo yyaC’ 
Psoj-soj-spo0J::neo 
yyaC’ from pHM16 
subcloned into 
pOU82 (NcoI-SacI) 
This work 
pHM110 
bla cat  ‘yyaB Psoj-soj-
spo0J-gfp::neo yyaC’ 
Linker replaced the 
stop codon of spo0J 
and gfp 
(oHM79/oHM80) from 
AH3159 ligated into 
pAK109 (SacII-XbaI)  
This work 
pHM142 
bla cat Psoj-soj-spo0J-parS
-
::neo yyaC’ 
‘spo0J-parS--spo0J’ 
(oHM11/oHM76) from 
DCL484 ligated into 
pHM16 (EcoRI-
HindIII) 
This work 
pHM160 
bla cat Psoj-∆soj-
spo0J::neo yyaC’ 
 
(Murray and 
Errington, 
2008) 
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pHM309 
bla cat ∆soj-spo0J-parS-
::neo yyaC’ 
‘spo0J-parS--spo0J’ 
from pHM142 
subcloned into 
pHM160 (EcoRI-
HindIII) 
This work 
pHM430 erm 
pNZ8907 renamed to 
pAK97 
(Bongers et 
al., 2005) 
pHM432 Erm ‘spo0J-parS+-spo0J’ 
‘spo0J-parS+-spo0J’ 
(oAK61/oAK62) from 
pHM48 ligated into 
pHM432 (NotI) 
This work 
pHM445 erm 
pAPNC-erm renamed 
to pHM445 
Lab strain 
pHM456 
bla cat Psoj-soj-∆spo0J-
parS-::neo 
‘spo0J-parS--spo0J’ 
from pHM142 
subcloned into 
pHM52 (EcoRI-
HindIII) 
This work 
pHM457 bla cat zeo 
Zeo subcloned into 
pHM01 (EcoRI) 
This work 
pLAU44 bla gm tetOarray  
(Lau et al., 
2003) 
pOU82 bla  
(Gerdes et 
al., 1985) 
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2.12 Primer list 
 
Table 3: Primer list 
Primer Sequence Construction 
oAK15 
5’-AATTTAATTTCCGCGGATTCAGACTCGATTTTAC 
CGTTTTG-3’ 
pAK05 
oAK16 
5’-AATTTAATTTGAGCTCAGCTGAGAACACCGATC 
TCCATG-3’ 
pAK05 
oAK17 
5’-AATTTAATTTGGTACCAGTACTTTGAGCCCTCTG 
TG-3’ 
pAK09 
oAK18 
5’-AATTTAATTTAAGCTTACATTAATAAAATTTAAGG 
ATATGTTAATAT-3’ 
pAK09 
oAK38 
5’-AATTTAATTTGAGCTCCTGCTTCGGTCGAACGG 
GAAG-3’ 
pAK13 
oAK39 
5’-AATTTAATTTCCGCGGTTACACTCTCTTCATATG 
AAATTTATCAAGAAATCCTTTTCGCTGCTG-3’ 
pAK13 
oAK40 
5’-AATTTAATTTCTCGAGAAAAGCCGCTCGCGCCC 
TGACAG-3’ 
pAK14 
oAK41 
5’-AATTTAATTTGGTACCGATTGATGCTGATCCGA 
TCAATGTC-3’ 
pAK14 
oAK47 
5’-AATTTAATTTCTGCAGCTCCCAAAGTTGATCCCT 
TAACG-3’ 
pAK23 
oAK51 
5’-AATTTAATTTGGATCCCAGAGATCTCCCATATTG 
TTG-3’ 
pAK23 
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oAK52 
5’-AAGGGAAGGGCCGCGGTCAAGAGGTGCGGAA 
GTATATTTAG-3’ 
pAK44/pAK48/
pAK50 
oAK53 
5’-AAGGGAAGGGTCTAGAACTAGTGGATCCCCCG 
GGCTGC-3’ 
pAK48/pAK50 
oAK55 
5’-AATTTAATTTCCTAGGTAAGGAAAAATCATAGCA 
ATTACGAAC-3’ 
pAK26 
oAK58 5’-CTTTATGCTTCCGGCTCGTATG-3’ pAK98 
oAK61 
5’-AATTTAATTTGCGGCCGCGACTGCTGACACTGC 
CAG-3’ 
pAK56/pAK92 
oAK62 
5’-AATTTAATTTGCGGCCGCCATTTATGATTCTCGT 
TCAGAC-3’ 
pAK56/pAK92 
oAK189 
5’-AAGGGAATTCTCGAGGTGACTTTATGCCTTGCG 
CTTTAC-3’ 
pAK130 
oAK190 
5’-AAGGGAATTGGTACCGCCTCTATTTCTAAACTG 
GATCTCGAC-3’ 
pAK130 
oAK191 
5’-AAGGGAATTTGAGCTCGTGGTTCAGCGATGAC 
AG-3’ 
pAK128 
oAK192 
5’-AAGGGAATTTCCGCGGTTTGCAACACGAGCTG 
TAGG-3’ 
pAK128 
oAK216 5’-AAGGGAATTTCTAGAGACTGCTGACACTGCC-3’ pAK180 
oAK217 
5’-AAGGGAATTTCTAGACATTTATGATTCTCGTTCA 
GAC-3’ 
pAK180 
oAK227 
5’-AAGGGAATTGGATCCGACTCATAGAATTATTTC 
CTCCCG-3’ 
pAK178 
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oAK257 
5’-AATTTAATTTCTCGAGTATCACGAGGCCCTTTC 
GTCTTCAAGAATTGATCC-3’ 
pAK178 
oGJS149 5’-GGAGATAGGATTCCCGTTCTTTTAG-3’ pAK38/pAK44 
oGJS431 
5’-GGTGGTCCCGCGGCATCTTCGTTTGAAAGATGC 
GGC-3’ 
pAK26 
oHM11 
5’-CCGAATTCTGGGCGCATATAAAATAAAAACCA 
TC-3’ 
pHM142 
oHM20 
5’-TTTTCTTGGCTGATAAGGATTAGGGCGTAAATC 
G-3’ 
pAK98 
oHM76 5’-TCGAGCGGCAAAGCTGGCAGGTTTAGATAC-3’ 
pAK38/pHM14
2 
oHM79 
5’-GGGAATTCGCCACCATGAGTAAAGGAGAAGAA 
CTTTTCAC-3’ 
pHM110 
oHM80 5’- GCTCTAGATTATTTGTATAGTTCATCCATG-3’  pHM110 
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2.13 Western blot analysis of strains 
 
 
Figure 2.13.1: Western blot for Chapter 3 strain constructions (parS16 
arrays on the chromosome) 
 
 Western blot analysis of the various parS mutants. Cells were grown in 2% 
succinate minimal media at 37˚ until early exponential phase. Cells were lysed 
and Soj and Spo0J proteins were detected using Western blot analysis (DivIVA 
protein was likewise detected and used as a loading control). soj+ spo0J+ 
(HM765), soj+ spo0J+ parS16 array (90˚ & 270˚) (AK87), ∆spo0J (HM907), 
∆spo0J parS16 array (90˚ & 270˚) (AK123), ∆soj (HM766), ∆soj parS16 array (90˚ 
& 270˚) (AK89), ∆soj-spo0J (AK573), ∆soj-spo0J parS16 array (90˚ & 270˚) 
(AK575).  
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Figure 2.13.2: Western blot for Chapter 3 strain constructions (parS on the 
multi-copy plasmid) 
 
Western blot analysis of the various parS mutants. Cells were grown in 2% 
succinate minimal media at 37˚ until early exponential phase. Cells were lysed 
and Soj and Spo0J proteins were detected using Western blot analysis (DivIVA 
protein was likewise detected and used as a loading control). soj+ spo0J+ parS- 
(HM855), soj+ spo0J+ parS+ (HM856), ∆soj parS- (HM835), ∆soj parS+ (HM838), 
∆spo0J parS- (HM834), ∆spo0J parS+ (HM837), ∆soj-spo0J parS- (AK587), 
∆soj-spo0J parS- (AK589). 
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Figure 2.13.3: Western blot for Chapter 4 strain constructions 
 
Western blot analysis of the various parS mutants. Cells were grown in 2% 
succinate minimal media at 37˚ until early exponential phase. Cells were lysed 
and Soj and Spo0J proteins were detected using Western blot analysis (DivIVA 
protein was likewise detected and used as a loading control). soj+ spo0J+ 
(AK239), soj+ spo0J+ ∆10parS (AK243), ∆spo0J (AK241), ∆spo0J ∆10parS 
(AK245), ∆soj-spo0J (AK559), ∆soj-spo0J ∆10parS (AK563), ∆soj (AK557), ∆soj 
∆10parS (AK617). 
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Figure 2.13.4: Western blot for Chapter 5 strain constructions (parS on the 
chromosome) 
 
Western blot analysis of the various parS mutants. Cells were grown in 2% 
succinate minimal media at 37˚ until early exponential phase. Cells were lysed 
and Soj and Spo0J proteins were detected using Western blot analysis (DivIVA 
protein was likewise detected and used as a loading control). soj+ spo0J+ 
(AK239), soj+ spo0J+ parS90 (AK323), soj+ spo0J+ parS270 (AK603), soj+ spo0J+ 
parS359 (AK259), ∆spo0J (AK241), ∆spo0J parS90 (AK325), ∆spo0J parS270 
(AK605), ∆spo0J parS359 (AK261), ∆soj-spo0J (AK559), ∆soj-spo0J parS90 
(AK553), ∆soj-spo0J parS270 (AK607), ∆soj-spo0J parS359 (AK561), ∆soj 
(AK557), ∆soj parS90 (AK555), ∆soj parS270 (AK649), ∆soj parS359 (AK653). 
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Figure 2.13.5: Western blot for Chapter 5 strain constructions (parS on the 
low-copy plasmid) 
 
Western blot analysis of the various parS mutants. Cells were grown in 2% 
succinate minimal media at 37˚ until early exponential phase. Cells were lysed 
and Soj and Spo0J proteins were detected using Western blot analysis (DivIVA 
protein was likewise detected and used as a loading control). parS- pLOSS wild-
type (AK429), parS- pLOSS ∆10parS (AK437), parS+ pLOSS wild-type (AK427), 
parS+ pLOSS ∆10parS (AK435), ∆spo0J parS- pLOSS wild-type (AK433), 
∆spo0J parS- pLOSS ∆10parS (AK441), ∆spo0J parS+ pLOSS wild-type 
(AK431), ∆spo0J parS+ pLOSS ∆10parS (AK439), ∆soj-spo0J parS- pLOSS 
wild-type (AK625), ∆soj-spo0J parS- pLOSS ∆10parS (AK629), ∆soj-spo0J 
parS+ pLOSS wild-type (AK623), ∆soj-spo0J parS+ pLOSS ∆10parS (AK627), 
∆soj parS- pLOSS wild-type (AK621), ∆soj parS- pLOSS ∆10parS (AK633), ∆soj 
parS+ pLOSS wild-type (AK619), ∆soj parS+ pLOSS ∆10parS (AK631).  
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Chapter 3: Redistribution of Spo0J away from oriC affects 
chromosome origin segregation but not regulation of Soj  
 
Chapter 3 Introduction 
Coordination of DNA replication with chromosome segregation is crucial 
to ensure accurate inheritance of the genetic material. As described in detail in 
Chapter 1, the B. subtilis Par system is important for both of these essential cell 
cycles. First, Spo0J promotes proper chromosome segregation by recruiting 
condensin to parS sites flanking the replication origin region (Gruber and 
Errington, 2009; Sullivan et al., 2009; Wang et al., 2014b). Second, Spo0J 
controls the oligomeric form of Soj by regulating Soj ATPase activity, which in 
turn dictates whether monomeric Soj inhibits DnaA or dimeric Soj activates 
DnaA at oriC (Murray and Errington, 2008; Scholefield et al., 2012; Scholefield 
et al., 2011).  
The location of parS sites near oriC has been shown to be functionally 
significant because recruitment of condensin is required for origin segregation 
following the initiation of DNA replication. Based on this finding, I hypothesized 
that the origin-proximal localization of parS sites could be important for the 
control of Soj by Spo0J, and therefore in turn for the proper regulation of the 
DNA replication initiation protein DnaA by Soj.  
To investigate the importance of Spo0J:parS nucleoprotein complex 
localization near the replication origin for efficient regulation of Soj, additional 
parS were introduced away from oriC. Two complementary experimental 
approaches were employed to recruit Spo0J away from the origin: (1) inserting 
arrays of parS sites into the chromosome at positions 90˚ and 270˚ or (2) 
introducing a multi-copy plasmid containing a parS site. As expected the 
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redistribution of Spo0J away from the origin proximal parS sites perturbed 
chromosome origin segregation. However, data from multiple Soj activity 
assays showed that redistribution of Spo0J away from oriC did not affect control 
of Soj by Spo0J.  
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Chapter 3 Results 
 
3.1 Insertion of parS arrays into ectopic regions of the chromosome 
 To construct a strain with additional parS sites integrated into the 
chromosome away from the origin, two parS arrays were inserted along the 
chromosome arms at 90˚ and 270˚ (Figure 3.1.1A, green bars). Each parS array 
contains 16 tandem parS repeats with the consensus sequence 5’-
TGTTCCACGTGAAACA-3’ as first described by (Lee et al., 2003). 
To probe whether the inserted parS arrays were functional, a spo0J-gfp 
fusion was expressed from its native promoter and the number of Spo0J-GFP 
foci within single cells was determined using epifluorescence microscopy. 
Under the growth conditions utilized the majority of wild-type cells contained a 
pair of Spo0J-GFP foci located towards the cell poles, consistent with Spo0J 
localizing at the origin (Figure 3.1.1Bi-C) (Glaser et al., 1997; Lin et al., 1997; 
Teleman et al., 1998). In the strain that harbours the additional parS arrays, 
there was an increase in the number of Spo0J-GFP foci per cell (Figure 
3.1.1Bii-C).This is consistent with the idea that increasing the number of parS 
sites on the chromosome generates more Spo0J nucleoprotein complexes and 
supporting the notion that Spo0J-GFP were titrated away from its endogenous 
parS sites to the ectopic  locations (Breier and Grossman, 2007). However it is 
possible that the increase in Spo0J-GFP foci in the presence of the ectopic 
parS arrays could be due to an increase in initiation of DNA replication. To test 
this possibility, marker frequency analysis will be employed and will be 
discussed in Chapter 3.3. 
Soj activity can be determined using a number of different assays. Soj 
localization can be determined using a GFP fusion and it has been shown that 
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the monomeric form of Soj has a cellular distribution that is distinct from the 
dimeric form of the protein. Furthermore, Soj is a regulator of the DNA 
replication initiator protein DnaA, and therefore Soj activity can be inferred by 
measuring either the rate of DNA replication initiation or the DnaA-dependent 
expression of the sporulation checkpoint protein Sda. In the following sections 
all of these assays were utilized to determine the effect of additional parS sites 
on Spo0J regulation of Soj. 
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Figure 3.1.1: Spo0J localization and foci number in wild-type cells and in 
the strain containing two arrays of parS sites on the chromosome 
 
 (A) Schematic diagram showing the locations of the parS sites in B. subtilis 
chromosome, which are labelled as grey dots (4˚, 15˚, 40˚, 90˚, 206˚, 330˚, 
354˚, 355˚, 356˚ and 359˚).  parS arrays are shown as green bars. (B) Spo0J-
GFP foci formation in wild-type and strains harbouring parS arrays. Cells were 
grown in 2% succinate minimal media at 37˚ until early exponential phase. Cell 
membranes were stained with FM-595 dye to distinguish individual cells and the 
number of fluorescent Spo0J-GFP foci per cell was determined using 
epifluorescence microscopy (Scale bar = 3 μm). (i) spo0J-gfp (HM756), (ii) 
spo0J-gfp parS16 array (90˚ & 270˚) (AK153). (C) Quantification of Spo0J-GFP 
foci per cell. Approximately 500 cells were counted for each strain. spo0J-gfp 
(HM756), spo0J-gfp parS16 array (90˚ & 270˚) (AK153). 
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3.2 Ectopic parS arrays do not alter the localization pattern of Soj 
To directly assess Soj activity within the cell, Soj localization was 
determined in single cells in the presence and absence of parS arrays. The soj 
gene was fused to gfp under the control of its native promoter and GFP-Soj was 
visualized using epifluorescence microscopy. Previous work has shown that in 
the presence of Spo0J, GFP-Soj is likely monomeric and forms both DnaA-
dependent foci at oriC (Figure 3.2.1.i, asterisk) and localizes to septa (Figure 
3.2.1.i, arrow). In a ∆spo0J mutant, GFP-Soj colocalizes with the nucleoid 
(Figure 3.2.1ii, circle), consistent with the idea that the dimeric form of Soj binds 
to DNA (Autret et al., 2001; Marston and Errington, 1999; Murray and Errington, 
2008; Quisel et al., 1999; Scholefield et al., 2011). The pattern of GFP-Soj 
localization in the presence of parS arrays was indistinguishable from the parent 
strain (Figure 3.2.1iii-iv), indicating that additional Spo0J:parS complexes 
formed on the chromosome away from the replication origin region do not affect 
the regulation of Soj by Spo0J. However, one of the caveats of fusing GFP to 
Soj is that the resulting chimera is not fully functional (Heath Murray, personal 
communication). Therefore, to further determine whether Soj activity was 
affected by the redistribution of Spo0J away from oriC, the activity of DnaA was 
determined using marker frequency analysis to detect the frequency of DNA 
replication initiation and using sporulation assay to detect the activation of Sda 
expression. 
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Figure 3.2.1: Soj localization was not affected by parS arrays 
 
GFP-Soj localization in wild-type and parS arrays strains in the presence and 
absence of Spo0J. Cells were grown in 2% glucose minimal media at 37˚ until 
early exponential phase. GFP-Soj localization was determined by 
epifluorescence microscopy. An arrow (→) denotes localization at a septum, an 
asterisk (*) indicates localization as a focus and a circle (●) denotes nucleoid 
binding (Scale bar = 3 μm). Approximately 500 cells were visualized for each 
strain and typical cells are shown. (i) gfp-soj (HM740), (ii) gfp-soj ∆spo0J 
(AK547), (iii) gfp-soj parS16 array (90˚ & 270˚) (AK199), (iv) gfp-soj ∆spo0J 
parS16 array (90˚ & 270˚) (AK577). 
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3.3 Control of DNA replication initiation by Soj was not affected by parS 
arrays 
To investigate whether ectopic parS arrays influenced the rate of DNA 
replication initiation, quantitative PCR was used to measure the amount of DNA 
near the replication origin and terminus. This marker frequency analysis did not 
detect any change in the frequency of DNA replication initiation when the parS 
arrays were present (Figure 3.3.1). It was possible that the results obtained 
could be due to Soj becoming non-functional in the presence of the arrays. To 
test this hypothesis spo0J was deleted. In the absence of Spo0J, Soj normally 
accumulates as a dimer that activates DnaA, leading to an increase in DNA 
replication initiation (Lin and Grossman, 1998; Murray and Errington, 2008; 
Ogura et al., 2003; Scholefield et al., 2011). Using the strain containing the parS 
arrays, an increase in the initiation frequency was observed when a ∆spo0J 
mutation was introduced. This effect was Soj-dependent because in the ∆(soj-
spo0J) double mutant, the initiation frequency returned to a level near wild-type 
(and equal to the ∆soj mutant; Figure 3.3.1). Western blot and PCR analysis 
confirmed deletion of soj and spo0J genes in the strains containing parS arrays 
(Figure 2.13.1 and data not shown). These results indicate that Soj remains 
competent to regulate DnaA in the presence of the parS arrays, but that the 
redistributed Spo0J retains the capacity to inhibit this activity. 
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Figure 3.3.1: DNA replication initiation was not affected by ectopic parS 
arrays 
 
The rate of replication initiation was not affected by increasing the number of 
parS sites on the chromosome. Cells were grown in 2% succinate minimal 
media at 37˚ until early exponential phase. Genomic DNA was harvested from 
cells and the oriC-to-terminus ratio of each mutant in a wild-type strain (grey) 
and in a parS16 array (90˚ & 270˚) strain (green) was determined using marker 
frequency analysis. The results are shown as the average ± standard deviation 
from three technical replicates. soj+ spo0J+ (HM765), soj+ spo0J+ parS16 array 
(90˚ & 270˚) (AK87), ∆spo0J (HM907), ∆spo0J parS16 array (90˚ & 270˚) 
(AK123), ∆soj (HM766), ∆soj parS16 array (90˚ & 270˚) (AK89), ∆soj-spo0J 
(AK573), ∆soj-spo0J parS16 array (90˚ & 270˚) (AK575).  
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3.4 Sporulation was not affected by parS arrays  
To further test whether ectopic parS arrays affect the ability of Spo0J to 
regulate the activity of Soj, sporulation efficiency was determined in the 
presence and absence of the parS arrays. Recall that in a ∆spo0J mutant, Soj 
stimulates DnaA to activate the expression of the sda checkpoint protein and 
thereby inhibits sporulation (Chapter 1.4). This sporulation defect is suppressed 
by a ∆soj-spo0J double mutation,  (Figure 3.4.1; black), in congruence with the 
stimulation of DnaA activity at oriC and consistent with the idea that the ATP-
bound dimeric form of Soj activates DnaA (Murray and Errington, 2008). In 
strains containing parS arrays, the pattern of sporulation was unperturbed 
(Figure 3.4.1; green). These results are in agreement with the marker frequency 
analysis (Figure 3.3.1) and taken together they suggest that redistribution of 
Spo0J away from replication origins is insufficient to affect the regulation of Soj 
(and hence its regulation of DnaA). 
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Figure 3.4.1: parS arrays do not affect sporulation 
 
Sporulation frequency was not affected by the addition of extra parS sites on 
the chromosome. The sporulation frequencies were determined by calculating 
the ratio of heat-resistance colony-forming units (80°C for 25 min) to the total 
colony-forming units. soj+ spo0J+ (HM765), soj+ spo0J+ parS16 array (90˚ & 
270˚) (AK87), ∆spo0J (HM907), ∆spo0J parS16 array (90˚ & 270˚) (AK123), ∆soj 
(HM766), ∆soj parS16 array (90˚ & 270˚) (AK89), ∆soj-spo0J (AK573), ∆soj-
spo0J parS16 array (90˚ & 270˚) (AK575). 
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3.5 Multi-copy plasmid containing a parS site 
The experiments with chromosomal parS arrays indicated that increasing 
the number of Spo0J binding sites away from the replication origin did not affect 
Spo0J regulation of Soj. However, I wondered whether the parS arrays were 
insufficient to redistribute the majority of Spo0J away from the origin. Consistent 
with this possibility, Spo0J-GFP still appeared to localize near oriC even in the 
presence of the parS arrays (Figure 3.1.1B).  
To test this hypothesis a multi-copy plasmid containing a single 
consensus parS site was constructed (Figure 3.5.1A). To judge whether the 
plasmid was functional, Spo0J-GFP localization was examined by 
epifluorescence microscopy. In the presence of the parS+ plasmid, Spo0J-GFP 
displayed a patchy distribution that appears to be associated with the nucleoid, 
reminiscent of type I plasmid localization over the DNA mass (Figure 3.5.1Bii) 
(Ebersbach and Gerdes, 2001, 2004; Ringgaard et al., 2009). More importantly, 
this is consistent with the idea that the plasmid is present at high copy number 
and significantly increases the number of Spo0J binding sites within the cell. A 
control plasmid lacking a parS site had no effect on Spo0J-GFP localization 
(Figure 3.5.1Bi). 
 In order to further assess Soj activity in the presence of greater number 
of Spo0J binding sites, we will be using similar assays as mentioned in the 
earlier sections to determine its activity. 
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Figure 3.5.1: Multi-copy plasmid containing a single parS in the cell  
 
(A) Schematic diagram showing a multi-copy plasmid harbouring a single parS 
site in a strain with all ten endogenous parS as shown by grey dots (4˚, 15˚, 40˚, 
90˚, 206˚, 330˚, 354˚, 355˚, 356˚ and 359˚). (B) Spo0J-GFP foci formation in 
strain harbouring the control or parS+ plasmids. Cells were grown in 2% 
succinate minimal media at 30˚ supplemented with erythromycin (1 μg/ml) until 
early exponential phase. Cell membranes were stained with FM-595 dye to 
distinguish individual cells and Spo0J-GFP localization was determined using 
epifluorescence microscopy (Scale bar = 3 μm). Approximately 500 cells were 
visualized for each strain and typical cells are shown. (i) spo0J-gfp parS- 
(HM821), (ii) spo0J-gfp parS+ (HM823). 
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3.6 A parS site on a multi-copy plasmid does not perturb the regulation of 
Soj by Spo0J 
As before with the chromosomal parS arrays, a battery of assays were 
utilized to investigate Soj activity in strains harbouring the parS+ plasmids. 
Consistent with the previous findings using parS arrays, redistribution of Spo0J 
away from the replicating origin region affected neither GFP-Soj localization 
(Figure 3.6.1) nor the regulation of DnaA by Soj (marker frequency analysis 
Figure 3.6.2; sporulation frequency Figure 3.6.3). Taken together, these results 
show that redistributing Spo0J away from the origin does not affect Soj 
regulation. 
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Figure 3.6.1: Soj localization was not affected by ectopic parS arrays 
 
GFP-Soj localization in the wild-type and Spo0J mutant in the presence of the 
control or parS+ plasmids. Cells were grown in 2.0% glucose minimal media at 
37˚ supplemented with erythromycin (1 μg/ml) until early exponential phase. 
GFP-Soj localization was determined by epifluorescence microscopy. An arrow 
(→) denotes localization at a septum, an asterisk  (*) indicates localization as a 
focus and a circle (●) denotes nucleoid binding (Scale bar = 3 μm). 
Approximately 500 cells were visualized for each strain and typical cells are 
shown. (i) gfp-soj parS- (HM870), (ii) gfp-soj ∆spo0J parS-  (AK569), (iii) gfp-soj 
parS+ (HM871), (iv) gfp-soj ∆spo0J parS+  (AK571). 
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Figure 3.6.2: DNA replication initiation was not affected by ectopic parS 
arrays 
 
The rate of replication initiation was not affected by the multi-copy plasmid. 
Cells were grown in 2% succinate minimal media at 30˚ supplemented with 
erythromycin (1 μg/ml) until early exponential phase. Genomic DNA was 
harvested from cells and the oriC-to-terminus ratio of each mutant containing 
parS- plasmid strain (grey bars) or parS+ plasmid strain (blue bars) was 
determined using marker frequency analysis. The results are shown as the 
average ± standard deviation from three technical replicates. soj+ spo0J+ parS- 
(HM855), soj+ spo0J+ parS+ (HM856), ∆soj parS- (HM835), ∆soj parS+ (HM838), 
∆spo0J parS- (HM834), ∆spo0J parS+ (HM837), ∆soj-spo0J parS- (AK587), 
∆soj-spo0J parS- (AK589).  
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Figure 3.6.3: Sporulation was not affected by ectopic parS arrays 
 
Sporulation frequency was not affected by the multi-copy plasmid. The 
sporulation frequencies were determined by calculating the ratio of heat-
resistance colony-forming units (80°C for 25 min) to the total colony-forming 
units. soj+ spo0J+ parS- (HM855), soj+ spo0J+ parS+ (HM856), ∆soj parS- 
(HM835), ∆soj parS+ (HM838), ∆spo0J parS- (HM834), ∆spo0J parS+ (HM837), 
∆soj-spo0J parS- (AK587), ∆soj-spo0J parS- (AK589). 
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3.7 Origin separation was affected by redistributing Spo0J away from the 
origin 
To confirm that the methodologies used to redistribute Spo0J were 
sufficient to affect chromosome segregation, the origin region was visualized by 
marking it with an array of tetO operators that were bound by a fluorescent TetR 
reporter protein (Murray and Errington, 2008; Wagner et al., 2009) (Figure 
3.7.1A; TetR-GFP or Figure 3.7.2A; TetR-YFP). The majority of wild-type cells 
contained two fully separated origins (Figure 3.7.1Bi; grey bar and Figure 
3.7.2Bi; grey bar). In contrast, the presence of additional parS sites resulted in a 
significant increase in the number of cells containing only a single focus, 
indicating a defect in chromosome origin segregation (Figure 3.7.1Bi; green bar 
and Figure 3.7.2Bi; blue bar). In a ∆spo0J mutant the number of origins per cell 
greatly increased, consistent with the notion that the effect on origin segregation 
was Spo0J-dependent and with previous results showing that DNA replication 
initiation is stimulated via activation of DnaA by Soj (Figure 3.7.1Bii and 
3.7.2Bii) (Lee et al., 2003; Murray and Errington, 2008; Ogura et al., 2003). 
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Figure 3.7.1: Chromosome segregation was affected in strains that 
contain parS arrays on the chromosome  
 
(A) Origin localization in wild-type B. subtilis. The oriC region was labelled with 
an array of tetO operators bound by TetR-GFP. soj+ spo0J+ (HM765) (Scale bar 
= 3 μm). (B) Origin counting in wild-type and parS arrays mutant in the 
presence and absence of Spo0J. Cells were grown in 2% succinate minimal 
media at 37˚C until early exponential phase. Cell membranes were stained with 
FM-595 dye to distinguish individual cells and the number of fluorescent TetR-
GFP foci per cell was determined using epifluorescence microscopy. Bar charts 
showing the results from chromosome origin counts. The strain information is 
shown in the top right hand corner of each graph. An approximate of 500 cells 
was counted for each strain. (i) soj+ spo0J+ (HM765), soj+ spo0J+ parS16 array 
(90˚ & 270˚) (AK87), (ii) ∆spo0J (HM907), ∆spo0J parS16 array (90˚ & 270˚) 
(AK123). 
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Figure 3.7.2: Chromosome segregation was affected in strains that 
harbour the multi-copy plasmid with a parS site 
 
(A) Origin localization in wild-type B. subtilis. The oriC region was labelled with 
an array of tetO operators bound by TetR-YFP. soj+ spo0J+ parS- (HM855) 
(Scale bar = 3 μm). (B) Origin counting of wild-type and spo0J mutant in the 
presence of the control or parS+ plasmids. Cells were grown in 2% succinate 
minimal media at 30˚C supplemented with erythromycin (1 μg/ml) until early 
exponential phase. Cell membranes were stained with FM-595 dye to 
distinguish individual cells and the number of fluorescent TetR-YFP foci per cell 
was determined using epifluorescence microscopy. Bar charts showing the 
results from chromosome origin counts. The strain information is shown in the 
top right hand corner of each graph. An approximate of 500 cells was counted 
for each strain. (i) soj+ spo0J+ parS- (HM855), soj+ spo0J+ parS+ (HM856), (ii) 
∆spo0J parS- (HM834), ∆spo0J parS+ (HM837). 
 
  
116 
 
3.8 Chapter 3 Discussion 
 
3.8.1 Soj interaction with Spo0J:parS complexes 
It has been shown that recruitment of condensin by oriC-flanking  
Spo0J:parS complexes is required for accurate origin region segregation 
(Gruber and Errington, 2009; Sullivan et al., 2009; Wang et al., 2014b). 
Because Spo0J also regulates the DNA replication initiation regulator Soj, I 
hypothesized that Spo0J localization might be important to coordinate DNA 
replication with chromosome segregation. Two approaches were used to test 
this possibility by redistributing Spo0J away from oriC; integrating arrays of parS 
sites into chromosome arms and placing a parS site into a multi-copy plasmid. 
Although both approaches appeared to successfully redistribute Spo0J away 
from oriC, as functionally judged by Spo0J-GFP localization and defects in 
chromosome origin separation (see below), neither approach was sufficient to 
alter Soj activity.  
However, because the endogenous parS sites remain near the 
replication origin in these experiments, it is possible that low levels of Spo0J 
binding to these sites is sufficient to elicit proper regulation of Soj. Alternatively, 
Spo0J localization near oriC may not be necessary for the regulation of Soj. To 
address these possibilities I constructed a strain where all ten endogenous parS 
sites were removed and the ability of Spo0J to regulate Soj activity was 
determined (see Chapter 4). 
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3.8.2  Formation of ectopic Spo0J:parS complexes away from the origin 
affected proper chromosome segregation 
Spo0J localization near oriC was shown to be important for recruiting 
condensin, which in turn promotes proper replication origin organization and 
facilitates accurate chromosome origin segregation (Gruber and Errington, 
2009; Sullivan et al., 2009; Wang et al., 2014b). The findings that oriC-distal 
parS sites inhibit chromosome origin separation are consistent with previous 
data, and it is assumed that the ectopic Spo0J:parS complexes are recruiting 
condensin to these regions and away from oriC. These ectopic Spo0J:parS 
complexes could interfere  with chromosome origin segregation either by 
depleting condensin from chromosome origins or creating inappropriate 
organizational structures that interfere with origin-bound complexes, or both. 
Additionally, the activity of Soj as a secondary factor driving origin segregation 
could be impaired under conditions where Spo0J is redistributed away from oriC 
(Lee et al., 2003; Sullivan et al., 2009).  
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3.9 Chapter 3 Future work 
 
3.9.1 ChIP-seq to investigate titration of Spo0J away from the origin 
Increasing the number of parS sites generated either more Spo0J-GFP 
foci in the presence of the parS arrays (Figure 3.1.1Bii) or a patchy distribution 
in the presence of the parS+ plasmid (Figure 3.5.1Bii).  And the increase in 
Spo0J-GFP foci are not due to overinitiation of DNA replication leading to the 
availability of more origin proximal parS sites (Figure 3.3.1 and Figure 3.6.2).  
These results suggest that although Spo0J-GFP was forming additional 
nucleoprotein complexes at the ectopic parS arrays, it is still possible that it is 
the unbound Spo0J-GFP within the cell that made up these foci and not the 
origin proximal Spo0J-GFP being titrated to these ectopic locations. Or in the 
case of the parS+ plasmid, the high level of background signal caused by the 
multi-copy  parS+ plasmids within the cytoplasm, may have masked the 
detection of Spo0J-GFP foci.   
Therefore to test whether Spo0J-GFP was successfully titrated away 
from the origin, ChIP-seq will be performed to analyse the amount of Spo0J 
enrichment around the origin region, parS at 90˚ and 206˚ in the strains that 
harbour the parS+ plasmid and in the case of the parS arrays, enrichment at the 
origin, parS at 206˚ and the parS arrays at 90˚ and 270˚. 
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Chapter 4:  Spo0J:parS nucleoprotein complexes are required 
to regulate Soj 
 
Chapter 4 Introduction 
I have shown in Chapter 3 that increasing the number of ectopic 
Spo0J:parS complexes either on the chromosome or on a multi-copy plasmid 
did not affect Soj activity as judged directly by the GFP-Soj localization pattern 
and indirectly by measuring DnaA activity (the rate of DNA replication initiation 
and sporulation frequency). However, because the endogenous parS sites 
remain near the replication origin in these experiments, it is possible that low 
levels of Spo0J binding to these sites is enough to elicit proper regulation of Soj. 
Alternatively, Spo0J localization near oriC may not be necessary for the 
regulation of Soj.  
Therefore, to understand the relationship between origin-proximal Spo0J 
nucleoprotein complexes with regards to Soj regulation, a strain was 
constructed with all ten parS sites deleted (∆10parS). It was found that in the 
absence of parS sites, Spo0J was unable to efficiently regulate Soj activity, 
consistent with the model that parS-dependent Spo0J nucleoprotein complexes 
are required to regulate Soj activity. Unexpectedly, overall chromosome 
organization and segregation appears to remain largely unaffected in the 
absence of origin proximal Spo0J:parS complexes. 
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Chapter 4 Results 
 
4.1 Removing all ten endogenous parS on the chromosome 
To begin construction of the ∆10parS mutant (Figure 4.1.1Aii), a strain 
lacking the eight origin proximal parS sites (∆8parS) was obtained (Figure 
4.1.1Ai) (Sullivan et al., 2009). I then proceeded with removing the remaining 
two parS located at 90˚ and 206˚ on the circular chromosome. parS206 lies 
within the noncoding sequence between two genes, therefore a plasmid was 
constructed that could integrate into the chromosome by double-crossover and 
replace parS206 with an antibiotic cassette (Figure 4.1.1B). parS90  is found 
within the coding sequence of the yhaX gene. A plasmid was constructed that 
contained the yhaX gene and its endogenous surrounding sequences flanking 
an antibiotic cassette to allow integration into the chromosome by double-
crossover. Site directed mutagenesis was then used to mutate the parS90 
sequence while maintaining the amino acid coding sequence for the YhaX 
protein (Figure 4.1.1C). Plasmids were sequenced to ensure that construction 
was correct.  The plasmids were then integrated into the ∆8parS mutant to 
obtain the ∆10parS mutant.  
Construction of the ∆10parS mutant was confirmed by PCR and DNA 
sequencing (data not shown) followed by localization of Spo0J-GFP using 
epifluorescence microscopy. It should be noted that the parS359 site is located 
within spo0J. Therefore, in order to create a spo0J-gfp fusion expressed from its 
native promoter at the endogenous locus without reintroducing the parS359 site, 
a spo0J-gfp integration plasmid was constructed where the parS359 sequence 
was mutated while maintaining the amino acid coding sequence for the Spo0J 
protein. The plasmid was then sequenced to check for any unwanted mutation 
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in the coding sequence and was subsequently integrated into the ∆10parS 
strain.  
In a wild-type strain, Spo0J-GFP binds to multiple parS sites and forms a 
fluorescent focus at the replication origin (Figure 4.1.2i). In the ∆10parS mutant, 
Spo0J-GFP was delocalized and was observed as a diffuse signal, weakly 
associated with the nucleoid (Figure 4.1.2ii). This result is consistent with the 
idea that Spo0J is a DNA binding protein that requires parS to form specific 
nucleoprotein complexes. 
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Figure 4.1.1: Removal of ten endogenous parS on the chromosome 
 
(A) Schematic diagram showing a (i) ∆8parS strain with remaining parS at 90˚ 
and 206˚, (ii) ∆10parS strain. (B) Schematic diagram showing the deletion of 
parS206 in the ∆8parS strain. Chromosomal parS206 was replaced by the 
insertion of the antibiotic resistance cassette (zeocin; red bar) between sigX and 
resE. (C) Schematic diagram showing the mutation of parS90 in the ∆9parS 
strain. Chromosomal parS90 was modified by site directed mutagenesis linked to 
an antibiotic resistance cassette (tetracycline; red bar) within the yhaX gene. 
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Figure 4.1.2: Spo0J localization requires parS site 
 
Spo0J-GFP localization in a wild-type strain and the ∆10parS mutant. Cells 
were grown in 2% succinate minimal media at 37˚ until early exponential phase. 
Cell membranes were stained with FM-595 dye to distinguish individual cells 
and fluorescent Spo0J-GFP foci per cell were determined using epifluorescence 
microscopy (Scale bar = 3 μm). Approximately 500 cells were visualized for 
each strain and typical cells are shown.  (i) spo0J-gfp (AK367), (ii) spo0J-gfp 
∆10parS (AK369). 
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4.2 GFP-Soj localization is altered in the ∆10parS mutant 
Soj localization was determined in single cells to directly assess Soj 
activity.  The soj gene was fused to gfp under the control of its native promoter 
and GFP-Soj was visualized using epifluorescence microscopy. Note that 
plasmids used to integrated gfp-soj into the chromosome (replacing the 
endogenous gene) contained either the entire spo0J gene or a fragment (for 
∆spo0J), and in both cases the parS359 site was substituted as described above. 
Wild-type GFP-Soj colocalizes with the origin as a faint focus (Figure 
4.2.1i, asterisk) in a DnaA-dependent manner, as well as binding to the septa 
(Figure 4.2.1i, arrow). This localization pattern is dependent upon Spo0J (Figure 
4.2.1.ii, circle) and in a ∆spo0J mutant, GFP-Soj is able to form a stable dimer 
that binds DNA non-specifically. Strikingly, in the ∆10parS mutant, GFP-Soj 
appears to be predominantly associated with the nucleoid (Figure 4.2.1iii, red 
circle) even in the presence of Spo0J. Semi-quantitative analysis of this 
localization pattern reveals that GFP-Soj appears to associate with the nucleoid 
less efficiently than in the complete absence of spo0J, as judged by the different 
level of GFP intensity (Figure 4.2.1iii and 4.2.1iv). In addition, close examination 
of GFP-Soj in the ∆10parS strain revealed that weak septal localization and 
faint foci could be observed, suggesting that some residual capability of Spo0J 
to regulate Soj likely remained (Figure 4.2.1iii, red arrow and red asterisk 
respectively). 
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Figure 4.2.1: Soj localization in the absence of parS sites 
 
GFP-Soj localization in the wild-type and ∆10parS strain in the presence and 
absence of Spo0J. Cells were grown in 2% glucose minimal media at 37˚ until 
early exponential phase. GFP-Soj localization was determined by 
epifluorescence microscopy. An arrow (→) denotes localization at a septum, an 
asterisk (*) indicates localization as a focus and a circle (●) denotes nucleoid 
binding (Scale bar = 3 μm). Approximately 500 cells were visualized for each 
strain and typical cells are shown. (i) soj+ spo0J+ (AK277), (ii) ∆spo0J (AK279), 
(iii) soj+ spo0J+ ∆10parS (AK281), (iv) ∆spo0J ∆10parS (AK283). 
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4.3 Control of DNA replication initiation is perturbed in the absence of 
parS sites 
To further analyse Soj activity in the ∆10parS mutant, marker frequency 
analysis was used to determine the effect of Soj on DnaA (Figure 4.3.1). These 
experiments showed that the frequency of DNA replication initiation increased in 
the ∆10parS mutant and that this increase was Soj-dependent, indicating that 
Soj was accumulating as a dimer to activate DnaA. Western blot and PCR 
analysis confirmed the correct construction of each mutant (Figure 2.13.3 and 
data not shown).  
Interestingly, the degree of overinitiation in the absence of parS sites was 
not as severe as in the ∆spo0J mutant, consistent with the GFP-Soj localization 
data that suggested some residual Spo0J activity remains in this strain (Figure 
4.2.1). In further support of this interpretation, sporulation efficiency was 
unaffected in the ∆10parS mutant (Figure 4.3.2). Intriguingly, a similar pattern of 
lower degree in overinitiation was observed in the absence of parS sites and 
Spo0J.  
Nevertheless, the localization and activity studies suggest that in order 
for Spo0J to properly regulate Soj, Spo0J has to interact with parS sites to form 
a Spo0J:parS nucleoprotein complex. This is compatible with in vitro data where 
a parS site is necessary for maximal stimulation of Soj ATPase activity by 
Spo0J (Scholefield et al., 2011). 
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Figure 4.3.1: Control of DNA replication was affected in the ∆10parS strain 
 
The rate of replication initiation was affected by deleting parS sites from the 
chromosome. Cells were grown in 2% succinate minimal media at 37˚ until early 
exponential phase. Genomic DNA was harvested from cells and the oriC-to-
terminus ratio of each mutant in a wild-type strain (grey bars), in the ∆10parS 
strain (red bars) was determined using marker frequency analysis. The results 
are shown as the average ± standard deviation from three technical replicates. 
soj+ spo0J+ (AK239), soj+ spo0J+ ∆10parS (AK243), ∆spo0J (AK241), ∆spo0J 
∆10parS (AK245), ∆soj-spo0J (AK559), ∆soj-spo0J ∆10parS (AK563), ∆soj 
(AK557), ∆soj ∆10parS (AK617).  
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Figure 4.3.2: Sporulation was not affected in the ∆10parS strain 
 
Sporulation frequency was not affected by the deletion of parS sites from the 
chromosome. The sporulation frequencies were determined by calculating the 
ratio of heat-resistance colony-forming units (80°C for 25 min) to the total 
colony-forming units.  soj+ spo0J+ (AK239), soj+ spo0J+ ∆10parS (AK243), ∆soj 
(AK557), ∆soj ∆10parS (AK617), ∆spo0J (AK241), ∆spo0J ∆10parS (AK245), 
∆soj-spo0J (AK559), ∆soj-spo0J ∆10parS (AK563). 
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4.4 The impact of parS on chromosome organization 
During the early stages of B. subtilis spore development, the 
chromosome origin region is segregated towards the cell pole and trapped by 
the formation of an asymmetric septum (Chapter 1.4 and 1.8.1). Previous 
studies have shown that deletion of the eight origin-proximal parS sites impairs 
chromosome origin trapping in the forespore, and it was subsequently found 
that recruitment of condensin by Spo0J:parS nucleoprotein complexes is 
involved in organizing the chromosome origin to facilitate  proper segregation 
(Gruber and Errington, 2009; Sullivan et al., 2009). Based on these previously 
published studies, as well as results shown in Chapter 3 where chromosome 
origin separation was impaired when Spo0J was redistributed away from origin-
proximal parS sites, it was anticipated that chromosome organization and 
segregation would be impaired in a ∆10parS mutant.  
 To look at overall chromosome morphology and segregation, the 
nucleoid was visualized in single cells by staining DNA and membranes with 
fluorescent dyes. Unexpectedly, nucleoids appeared to be normally condensed 
in both ∆8parS and ∆10parS strains, and all cells contained DNA (Figure 4.4.1). 
These results indicate that under the growth conditions used (i.e. – in the 
absence of multifork replication when the replication elongation rate is thought 
to be slower) bulk DNA organization and segregation are largely maintained in 
the absence of Spo0J:parS nucleoprotein complexes. 
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Figure 4.4.1: The ∆10parS strain was not affected in overall chromosome 
organization 
 
DAPI staining in a wild-type strain and the ∆10parS mutant. Cells were grown in 
2% glucose minimal media supplemented with 200 μg/ml casein hydrolysate at 
37˚ until early exponential phase. Cell membranes were stained with FM-595 
dye to distinguish individual cells and morphology was determined using 
epifluorescence microscopy (Scale bar = 3 μm). Approximately 500 cells were 
visualized for each strain and typical cells are shown. (i) Wild-type (AK239), (ii) 
∆8parS (BNS1657), (iii) ∆10parS (AK243). 
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4.5 Chromosome origin segregation and positioning are not affected in 
the absence of parS sites 
Although bulk chromosome segregation was not defective in the 
∆10parS mutant, I hypothesized that the strain might display a more subtle 
defect in chromosome origin separation, as was observed when Spo0J was 
redistributed away from origin-proximal parS sites (Chapter 3). To test this 
model, the origin region was tagged with an array of tetO operators which were 
bound by a fluorescent TetR reporter protein (TetR-GFP) (Figure 4.5.1A) and 
the number of origins per cell in the ∆10parS mutant was determined. Again it 
was surprising to observe that chromosome origin segregation was not affected 
and that the majority of cells contained two TetR-GFP foci similar to the wild-
type strain (Figure 4.5.1Bi; red bars). There was an increase in the number of 
cells with three or four foci in the ∆10parS mutant, which is consistent with the 
∆10parS mutant over initiating DNA replication (Figure 4.3.1). Analysis of the 
∆spo0J mutant revealed a broad distribution ranging from 1-5 TetR-GFP foci 
per cell regardless of the presence of parS sites (Figure 4.5.1Bii), which again is 
in agreement with the over replication phenotype observed by quantitative PCR 
analysis (Figure 4.3.1).  
 Since origin separation was not affected, I next determined whether 
chromosome origin positioning was altered. The average origin position was 
determined in cells that contain two spatially resolved foci along the length of 
the cell (Figure 4.5.2A; schematic diagram describing measurement and 
Chapter 2.9). Under the experimental conditions used (Figure 4.5.2B and 
4.5.2Ci), wild-type origins are positioned near the cell quarter position at 27.0% 
± 1.2% and the interfocal distance between the two origins relative to the cell 
length is 46.1% ± 2.0%. The position of the replicated sister origins in a ∆spo0J 
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null mutant appears to be closer with the interfocal distance at 41.5% ± 2.0%. 
These results are in agreement with a previous study, indicating that the 
chromosomes in vegetative growing B. subtilis cells are linearly positioned with 
the two chromosomes aligned side by side (Lee et al., 2003; Wang et al., 
2014a). Surprisingly in the ∆10parS mutant, replication origin regions appear to 
be positioned normally at the cell quarter positions (27.5% ± 1.5%) with the 
distance between sister origins at 45.0% ± 2.2% (Figure 4.5.2B; red and 
4.5.2Cii). Again in the mutant lacking both Spo0J and parS sites, the origins are 
positioned closer together at 40.1% ± 1.9%. 
Taken together, these results suggest that under the growth conditions 
used, deletion of all parS sites does not significantly affect either chromosome 
organization or replication origin segregation and positioning.   
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Figure 4.5.1: Chromosome segregation was not affected in the ∆10parS 
strain  
 
(A) Origin localization in wild-type B. subtilis. The oriC region was labelled with 
an array of tetO operators bound by TetR-GFP. soj+ spo0J+ (AK181) (Scale bar 
= 3 μm). (B) Origin counting in wild-type and ∆10parS mutant in the presence 
and absence of Spo0J. Cells were grown in 2% succinate minimal media at 37˚ 
until early exponential phase. Cell membranes were stained with FM-595 dye to 
distinguish individual cells and the number of fluorescent TetR-GFP foci per cell 
was determined using epifluorescence microscopy. Bar charts showing the 
results from chromosome origin counts. The strain information is shown in the 
top right hand corner of each graph. An approximate of 500 cells was counted 
for each strain. (i) soj+ spo0J+ wild-type (AK181), soj+ spo0J+ ∆10parS (AK225), 
(ii) ∆spo0J (AK183), ∆spo0J ∆10parS (AK227). 
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Figure 4.5.2: Origin positioning was not affected in the ∆10parS strain 
  
(A) Schematic diagram showing the measurement of focus position in cells with 
two foci. Please refer to Chapter 2.9 for a detailed explanation. (B) Origin 
position within the cell. The oriC region was labelled with an array of tetO 
operators bound by TetR-GFP. Cells were grown in 2% succinate minimal 
media at 37˚C until early exponential phase. Cell membranes were stained with 
FM-595 dye to distinguish individual cells and the number of fluorescent TetR-
GFP foci per cell was determined using epifluorescence microscopy. An 
approximate of 100 cells was measured for each strain. The 95% confidence 
intervals for the mean were calculated. (i) soj+ spo0J+ (AK181), soj+ spo0J+ 
∆10parS (AK225), (ii) ∆spo0J (AK183), ∆spo0J ∆10parS (AK227). (C) 
Schematic diagram showing the positioning of the origin in (i) soj+ spo0J+ 
(AK181), soj+ spo0J+ ∆10parS (AK225). 
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4.6 Chapter 4 Discussion 
 
4.6.1 Soj regulation by the Spo0J:parS complex 
In this chapter a B. subtilis strain lacking all 10 parS sites was 
constructed. GFP-Soj localization studies and quantitative PCR analysis 
indicate that regulation of Soj by Spo0J was disrupted. Importantly therefore, it 
suggests that Spo0J nucleoprotein complex formation at parS sites is 
necessary for Spo0J to efficiently regulate Soj. 
Although regulation of Soj by Spo0J was clearly perturbed by the 
deletion of parS sites, the defects observed were not as severe as in a ∆spo0J 
null mutant, suggesting that regulation was not fully abolished. In support of this 
interpretation, single cell analysis of GFP-Soj showed that Soj is still able to 
display localization patterns associated with the protein in its monomeric form, 
indicating that weak regulation by Spo0J was present. Furthermore, stimulation 
of DnaA activity by Soj in the ∆10parS strain was not detected in a sporulation 
assay.  I propose that nonspecific binding of Spo0J dimers onto the 
chromosome is responsible for the observed residual regulation of Soj.  
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4.6.2 Impact of parS on global chromosome origin segregation, 
positioning and organization 
 
  Spo0J localizing at oriC and recruiting condensin to the origin region 
was proposed to be important for proper chromosome organization and 
segregation (Gruber and Errington, 2009; Sullivan et al., 2009; Wang et al., 
2014b). Interestingly, under the growth conditions utilized, the chromosomes of 
the ∆8parS and ∆10parS strains appear to be largely normal. This is in contrast 
to earlier published data where the ∆8parS chromosomes are less condensed 
and form anucleate cells (Sullivan et al., 2009). I suspect that these differences 
in results were due to differences in the growth media used in the experiments 
(ie- fast growth media was used by Sullivan and colleagues). My data is 
consistent with previously published results indicating that in the absence of 
multifork replication when replication elongation rates are slower in a slow 
growth media, deletion of parS sites does not significantly affect overall nucleoid 
organization (Gruber et al., 2014).  
In addition, although chromosome origin segregation and positioning 
were not affected in the absence of parS sites, it appears that Spo0J is still 
important under these conditions since sister origins appear to be closer 
together in the ∆spo0J ∆10parS strain. It is possible that even in the absence of 
parS sites, the residual localization of Spo0J is important to load condensin onto 
DNA, thereby promoting proper overall chromosome organization and 
segregation.  Potentially related to this, the observation that origin separation is 
impaired when Spo0J is redistributed to ectopic parS sites (Chapter 3.7) but is 
relatively unaffected when parS sites are deleted, suggests that in the former 
cases the redistribution of condensin away from the origin may be responsible 
for the severe segregation defect. 
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4.7 Chapter 4 Future work 
 
4.7.1 ChIP-seq to investigate Spo0J enrichment in ∆10parS strain  
In the absence of parS sites, Spo0J was unable to efficiently regulate Soj 
activity, consistent with the model that parS-dependent Spo0J nucleoprotein 
complexes are required to regulate Soj activity, however, closer examination of 
the marker frequency analysis revealed that the degree of overinitiation was not 
as severe as in the absence of Spo0J (Figure 4.3.1) and together with the GFP-
Soj localization data (Figure 4.2.1), suggested that some residual Spo0J activity 
still remains.  
However it remains unclear whether this residual activity was due to 
unspecific binding of Soj dimers to DNA and/or Spo0J forming short 
nucleoprotein complexes that were not detectable by looking at Spo0J-GFP foci 
formation (Figure 4.1.2). To investigate this further, ChIP-seq will be performed 
to analyse Spo0J on the B. subtilis genome in the absence of parS sites and 
whether any enrichment of Spo0J might be observed, which may indicates 
other not yet discovered parS sites, that may also explain the less severe 
overinitiation observed. 
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4.7.2 GFP-Soj and Spo0J-GFP localization in the absence of parS at 359˚  
ChIP-chip studies have shown that the parS site located within the spo0J 
gene, near the origin at 359˚ showed the highest affinity for Spo0J binding 
(Breier and Grossman, 2007; Lin and Grossman, 1998). Therefore it was 
conceivable that mutating the parS binding site in spo0J without affecting the 
sequence of the Spo0J protein could have reduced or abolished the ability for 
Spo0J-GFP to form the nucleoprotein complexes (Figure 4.2.1), which in turn 
disrupted Spo0J ability to regulate Soj activity (Figure 4.2.1; GFP-Soj 
localization and Figure 4.3.1; marker frequency analysis).  
As a more direct test for the importance of the parS at 359˚ for Spo0J 
nucleoprotein complex formation, a ∆1parS stain containing the mutated parS at 
359˚ will be constructed (as described in Chapter 4.1) to look at Spo0J-GFP 
localization within this mutant. Likewise, GFP-Soj localization will also be 
investigated in the same ∆1parS background (as described in Chapter 4.2), to 
rule out the possibility that removal of this parS was responsible for the Soj 
localization pattern observed in the ∆10parS stain (Figure 4.2.1). 
However it is highly unlikely that parS at 359˚ was responsible for these 
results because systematically removing parS will enrich Spo0J to the 
remaining parS sites and because these parS sites around the origin have 
relatively high affinity for Spo0J, it is likely that Spo0J-GFP will still form a foci at 
the origin (Breier and Grossman, 2007; Lin and Grossman, 1998; Livny et al., 
2007). In support of this, my data have also shown that a single consensus 
parS is sufficient for Spo0J-GFP to form a foci (Figure 5.1.2) and this in turn is 
able to regulate Soj activity as judged by GFP-Soj localization (Figure 5.2.1) 
and DnaA regulation (Figure 5.3.1; marker frequency analysis). 
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Chapter 5: A single parS site is necessary and sufficient for 
Spo0J to regulate Soj 
 
Chapter 5 Introduction 
 I showed in Chapter 4 that deletion of all ten chromosomal parS sites 
renders Spo0J unable to properly regulate Soj activity. Conversely, I showed in 
Chapter 3 that redistribution of Spo0J away from origin-proximal parS sites had 
no effect on the regulation of Soj. Based on these results, I hypothesized that a 
single parS site located anywhere in the cell would likely be sufficient to 
promote regulation of Soj by Spo0J. 
 To specifically investigate the importance of parS site localization for 
Spo0J to regulate Soj, a single consensus parS site from 359˚ was re-
introduced into the ∆10parS mutant either on the chromosome at different 
locations or on a low copy-number plasmid. The data shows that only a single 
parS site is necessary and sufficient for the proper regulation of Soj activity by 
Spo0J, regardless of its genetic location.  
 In addition it was found that parS location affects overall chromosome 
organization, although this did not impair chromosome segregation. 
Furthermore, parS sites were recruited to the cell quarter position. 
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Chapter 5 Results 
 
5.1 Insertion of a single parS into different region of the chromosome 
All ten parS sites showed different affinity for Spo0J, therefore to ensure 
Spo0J affinity to parS is uniform among the ∆9parS mutants, the consensus 
parS sequence 5’-TGTTCCACGTGAAACA-3’ which showed the highest affinity 
for Spo0J and is located within the spo0J gene, near the origin at 359˚ was 
chosen (Breier and Grossman, 2007; Lin and Grossman, 1998).  
To re-introduce a single parS site into either the right arm of the 
chromosome at 90˚, the left arm at 270˚, or near the origin at 359˚, plasmids 
containing a single parS consensus sequence were individually integrated into 
the ∆10parS  strain by double crossover (Figure 5.1.1A, 90˚ purple, 270˚ green, 
359˚ brown dot). 
To integrate parS onto the right arm of the chromosome at 90˚ (Figure 
5.1.1A, purple dot), the same plasmid that was used to construct the ∆10parS 
strain was modified (see chapter 4.1). As before, the native parS90 located 
within the coding sequence of the yhaX gene was modified by site directed 
mutagenesis to maintain the amino acid sequence coding for the protein.  
Subsequently, a consensus parS sequence was inserted directly after the stop 
codon of the yhaX gene (Figure 5.1.1B). 
Next, to construct a strain with a single parS on the left arm of the 
chromosome at 270˚ (Figure 5.1.1A, green dot), the consensus parS sequence 
was inserted into an integration plasmid next to an antibiotic resistance 
cassette, and the new parS was to be inserted into the non-coding sequence 
between the two convergent genes ytcC and ytxO (Figure 5.1.1C). 
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Finally a plasmid containing the soj-spo0J locus was integrated into the 
∆10parS mutant to re-introduce the native consensus parS site within spo0J at 
359˚ (Figure 5.1.1A, brown dot and Figure 5.1.1D). Proper integration of all 
plasmids was verified by PCR and DNA sequencing (data not shown).  
 To confirm that the reintroduced parS sequences were functional, 
localization of Spo0J-GFP was visualized by epifluorescence microscopy. It 
should be noted that in the strains containing ∆9parS+90 and ∆9parS+270, the 
plasmid used to create the spo0J-gfp fusion contained a mutated parS359 
sequence (while maintaining the amino acid coding sequence for the Spo0J 
protein) (See chapter 4.1).  
 As discussed in Chapter 4.1, in the ∆10parS mutant Spo0J-GFP was 
delocalized and associated with the nucleoid as a weak diffuse signal (Figure 
5.1.2ii). In strains containing single parS sites, Spo0J-GFP formed bright foci 
within the cell (Figure 5.1.2iii-v). These results are consistent with Spo0J 
binding to parS to form a nucleoprotein complex. Interestingly, in comparison to 
the discrete Spo0J-GFP foci formed when a single parS was present, in the 
wild-type background Spo0J-GFP foci appeared slightly jagged (Figure 5.1.2i). I 
suspect that this is due to Spo0J-GFP binding to multiple parS sites. 
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Figure 5.1.1: Insertion of a single parS onto the chromosome  
 
(A) Schematic diagram showing a ∆10parS strain with a single parS sequence 
inserted into 90˚, 270˚ and 359˚ (purple, green, brown dot respectively). (B) 
Schematic diagram showing the replacement of parS90 linked to an antibiotic 
resistance cassette (tetracycline; red bar) in yhaX. (C) Schematic diagram 
showing insertion of parS270 linked to an antibiotic resistance cassette 
(erythromycin; red bar) between two convergent genes ytcC and ytxO. (D) 
Schematic diagram showing the re-introduction of parS359 linked to antibiotic 
resistance cassette (kanamycin; red bar) into spo0J of the ∆10parS strain. 
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Figure 5.1.2: Spo0J-GFP localization in wild-type and single parS strains 
 
Spo0J-GFP localization of wild-type and parS mutants. Cells were grown in 2% 
succinate minimal media at 37˚ until early exponential phase. Membranes were 
stained with FM-595 dye to distinguish cells and visualized using 
epifluorescence microscopy (Scale bar = 3 μm). Approximately 500 cells were 
visualized for each strain and typical cells are shown. (i) Wild-type (AK367), (ii) 
∆10parS (AK369), (iii) ∆9parS+90 (AK373), (iv) ∆9parS+270 (AK597), (v) 
∆9parS+359 (AK593).  
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5.2 GFP-Soj localization is partially restored in the presence of a parS site 
To investigate Soj activity directly within single cells, the soj gene was 
fused to gfp under the control of its native promoter and GFP-Soj was visualized 
using epifluorescence microscopy. 
As described in Chapters 3.2, 3.6 and 4.2, wild-type GFP-Soj binds to 
septa (Figure 5.2.1i, arrow) and forms a faint focus with the origin (Figure 5.2.1i, 
asterisk). In the absence of Spo0J, GFP-Soj is associated with the nucleoid 
(Figure 5.2.1.ii, circle). In the absence of chromosomal parS sites, GFP-Soj 
localization adopted a localization pattern most closely resembling the Soj dimer 
bound to the nucleoid (Figure 5.2.1iii). 
The reintroduction of a single parS site, regardless of its position in the 
chromosome, shifted the GFP-Soj localization pattern to most closely resemble 
that of the monomeric protein. In these strains, GFP-Soj continues to form faint 
cytoplasmic foci (Figure 5.2.1v, vii and ix, asterisk), and bind to septa (Figure 
5.2.1v, vii and ix, arrow), suggesting that a single parS site is sufficient to 
promote significant control of Soj activity by Spo0J. However, GFP-Soj was also 
occasionally observed to accumulate as small patches adjacent to septa (Figure 
5.2.1v, vii and ix, circle). I suspect that these patches represent GFP-Soj 
binding to DNA located proximal to a cell pole (see Chapter 7).Taken together, 
these observations indicate that while a single parS site is necessary and 
sufficient to promote regulation of Soj by Spo0J, single sites may be less 
efficient compared to the multiple parS sites distributed throughout the wild-type 
chromosome. 
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Figure 5.2.1: Soj localization was restored in the presence of a single parS 
site 
 
GFP-Soj localization of wild-type and parS mutants in the presence and 
absence of Spo0J. Cells were grown in 2% glucose minimal media at 37˚ until 
early exponential phase. GFP-Soj localization was determined by 
epifluorescence microscopy. An arrow (→) denotes localization at a septum, an 
asterisk (*) indicates localization as a focus and a circle (●) denotes nucleoid 
binding (Scale bar = 3 μm). Approximately 500 cells were visualized for each 
strain and typical cells are shown. (i) soj+ spo0J+ (AK277), (ii) ∆spo0J (AK279), 
(iii) soj+ spo0J+ ∆10parS (AK281), (iv) ∆spo0J ∆10parS (AK283), (v) soj+ spo0J+ 
∆9parS +90 (AK399), (vi) ∆spo0J ∆9parS +90 (AK325), (vii) soj+ spo0J+ ∆9parS 
+270 (AK599), (viii) ∆spo0J ∆9parS +270 (AK601), (ix) soj+ spo0J+ ∆9parS +359 
(AK305), (ix) ∆spo0J ∆9parS +359 (AK307). 
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5.3 Control of DNA replication is restored in the presence of a parS site 
As described in Chapter 4, in the absence of chromosomal parS sites Soj 
accumulates in its dimeric form to activate DnaA, resulting in an increase in the 
DNA replication initiation frequency. Therefore, I next determined whether a 
single parS site was sufficient to modulate Soj regulation of DnaA. A range of 
∆9parS strains containing a single parS site at various chromosomal locations 
were created, and into these backgrounds ∆soj and/or ∆spo0J mutants were 
introduced. Strains were checked by Western blot and PCR analysis to confirm 
correct construction (Chapter 2.13.4 and data not shown). 
When a single parS site was re-introduced anywhere in the 
chromosome, marker frequency analysis showed that DNA replication initiation 
frequency was restored to the wild-type level (Spo0J+, Soj+ Figure 5.3.1). The 
effect on DNA replication was due to proper regulation of Soj by Spo0J, since in 
all of the parental strains Soj-dependent overinitiation was observed in a spo0J 
mutant (Figure 5.3.1, 3.3.1, 3.6.2 and 4.3.1). These results are consistent with 
the localization of GFP-Soj within strains that harbour a single parS site (Figure 
5.2.1).  
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Figure 5.3.1: Control of DNA replication was restored in the ∆9parS strain 
in the presence of Spo0J nucleoprotein complex formation 
 
The rate of replication initiation was restored by a single parS site. Cells were 
grown in 2% succinate minimal media at 37˚ until early exponential phase. 
Genomic DNA was harvested from cells and the oriC-to-terminus ratio of each 
mutant in a wild-type strain (grey), ∆10parS (red), parS90 (purple), parS270 
(greed), parS359 (brown) was determined using marker frequency analysis. The 
results are shown as the average ± standard deviation from three technical 
replicates. soj+ spo0J+ (AK239), soj+ spo0J+ ∆10parS (AK243), soj+ spo0J+ 
parS+90 (AK323), soj+ spo0J+ parS+270 (AK603), soj+ spo0J+ parS+359 (AK259), 
∆spo0J (AK241), ∆spo0J ∆10parS (AK245), ∆spo0J parS+90 (AK325), ∆spo0J 
parS+270 (AK605), ∆spo0J parS+359 (AK261), ∆soj-spo0J (AK559), ∆soj-spo0J 
∆10parS (AK563), ∆soj-spo0J parS+90 (AK553), ∆soj-spo0J parS+270 (AK607), 
∆soj-spo0J parS+359 (AK561), ∆soj (AK557), ∆soj ∆10parS (AK617), ∆soj 
parS+90 (AK555), ∆soj parS+270 (AK649), ∆soj parS+359 (AK669). 
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5.4 Spo0J spreading is required for the proper control of Soj activity 
It has been proposed that the specific binding of Spo0J to parS promotes 
lateral spreading followed by long-distance bridging interactions to construct 
nucleoprotein complexes (Broedersz et al., 2014; Graham et al., 2014). To 
investigate whether the effect of a parS site on Soj activity is dependent upon 
Spo0J forming a nucleoprotein complex, two spo0J alleles were analysed, 
spo0JG77S and spo0JR149A. Both of these spo0J mutants bind specifically to parS 
in vitro but fail to spread and form observable nucleoprotein complexes 
(Graham et al., 2014).  
To introduce the spo0JG77S and spo0JR149A mutations into both the wild-
type and ∆9parS +90 background, plasmids were constructed that contain either 
the native soj-spo0J locus or the soj-spo0J locus without the parS359 site (as not 
to re-introduce parS359 back into the ∆9parS +90 mutant) to allow integration into 
the chromosome by double-crossover. As previously noted because parS359 is 
located within the coding sequence of the spo0J gene, site directed 
mutagenesis was used to mutate the parS359 sequence while maintaining the 
amino acid coding sequence for the Spo0J protein. A strain containing the 
spo0JG77S allele (Breier and Grossman, 2007) and the plasmid containing the 
spo0JR149A allele (Autret et al., 2001) were used as templates for PCR and 
construction of the integrating plasmids. The resulting strains (wild-type and 
∆9parS +90 containing the spo0JG77S and spo0JR149A alleles) were sequenced to 
confirm the presence all desired changes. 
 Marker frequency analysis shows that spreading-deficient Spo0J 
mutants overinitiate DNA replication but the rates of overinitiation were lower as 
compared to the complete absence of Spo0J, suggesting that Spo0J dimers 
binding to DNA still retained some capacity to regulate Soj (Figure 5.4.1). 
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Alternatively, these spreading-deficient mutants might still be able to form short 
Spo0J nucleoprotein complexes that still regulated Soj abet less efficiently. 
These results are consistent with the idea that binding of Spo0J dimers to DNA 
is insufficient to control Soj activity and that lateral spreading and/or bridging 
activity by Spo0J to form the extended nucleoprotein complexes is necessary to 
regulate Soj. 
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Figure 5.4.1: Control of DNA replication requires Spo0J spreading to form 
the extended nucleoprotein complex 
 
Spo0J:parS nucleoprotein assembly is required for proper control of DNA 
replication initiation. Cells were grown in 2% succinate minimal media at 37˚ 
until early exponential phase. Genomic DNA was harvested from cells and the 
oriC-to-terminus ratio of each mutant was determined using marker frequency 
analysis. The results are shown as the average ± standard deviation from three 
technical replicates. soj+ spo0J+ (AK239), soj+ spo0J+ parS90 (AK323), ∆spo0J 
(AK241), ∆spo0J parS90 (AK325), spo0JR149A (AK249), spo0JR149A parS90 
(AK417), spo0JG77S (AK251), spo0JG77S parS90 (AK419). 
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5.5 Low-copy plasmid containing a single parS 
The experiments described above indicate that a single parS site, 
regardless of its position on the chromosome, is sufficient for Spo0J to form a 
nucleoprotein complex competent of regulating Soj (Figure 5.2.1 and 5.3.1). 
Next, I wondered whether Spo0J nucleoproteins complexes on plasmids would 
be capable of regulating Soj activity in the absence of chromosomal parS sites 
(∆10parS mutant). 
To investigate this, the multi-copy plasmid containing a single consensus 
parS site (described in Chapter 3.5) was transformed into the ∆10parS 
background. Although transformants could be obtained, growth of the resulting 
strains was severely compromised. This suggests that in the presence of a 
large excess of parS sites in trans, parS sites on the chromosome are important 
for cell survival because in earlier experiments, the strains harbouring the multi-
copy plasmids were viable when parS sites were present within the 
chromosome (Chapter 3).  
To circumvent the multi-copy plasmid problem, a single consensus parS 
site was inserted into the low copy-number plasmid pLOSS (~1-3 copy per 
chromosome) (Claessen et al., 2008; Tanaka and Koshikawa, 1977) (Figure 
5.5.1A). The plasmid was sequenced to ensure that the parS sequence was 
present. In this case transformants were easily obtained and all strains grew 
normally. To assess whether the parS site on the plasmid was functional, 
epifluorescence microscopy was used to examine Spo0J-GFP localization. In a 
∆10parS strain containing the parS+ pLOSS plasmid, Spo0J-GFP formed 
discrete foci within the cell that were generally well separated and arranged into 
an orderly pattern (Figure 5.5.1iv). In a wild-type background there was a slight 
increase in the number of Spo0J-GFP foci per cell, likely reflecting 
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nucleoprotein complexes forming both on the chromosome and the plasmid 
(Figure 5.5.1iii). Importantly however, this pattern was clearly different from the 
nucleoid associated distribution observed when the multi-copy parS+ plasmids 
were used (Figure 3.5.1Bii). There was no effect on Spo0J-GFP localization in 
the presence of the control plasmid lacking the parS site (Figure 5.5.1i-ii).  
These results are consistent with the idea that pLOSS exists as a low-copy 
number plasmid within the cell and that Spo0J-GFP is forming nucleoprotein 
complexes at parS sites in trans. 
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Figure 5.5.1: Spo0J-GFP localization in the presence of a low-copy 
plasmid containing a single parS site 
 
(A) Schematic diagram showing a low-copy plasmid harbouring a single parS 
site in a strain with all ten endogenous parS as shown by grey dots (4˚, 15˚, 40˚, 
90˚, 206˚, 330˚, 354˚, 355˚, 356˚ and 359˚) and a strain without all ten parS. (B) 
Spo0J-GFP foci formation in strain harbouring the control or parS plasmids. 
Cells were grown in 2% succinate minimal media at 37˚ supplemented with 
spectinomycin (50 µg/ml) until early exponential phase. Cell membranes were 
stained with FM-595 dye to distinguish individual cells and fluorescent Spo0J-
GFP foci per cell were determined using epifluorescence microscopy (Scale bar 
= 3 μm). Approximately 500 cells were visualized for each strain and typical 
cells are shown. (i) parS- pLOSS wild-type (AK457), (ii) parS- pLOSS ∆10parS 
(AK461), (iii) parS+ pLOSS wild-type (AK455), (iv) parS+ pLOSS ∆10parS 
(AK459). 
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5.6 A single parS on a low-copy plasmid is able to restore Soj regulation 
by Spo0J 
Multiple assays were used to determine whether parS+ pLOSS in the 
∆10parS mutant is able to restore regulation of Soj by Spo0J. GFP-Soj 
localization in the ∆10parS mutant containing parS+ pLOSS was similar to wild-
type with clear septal localization and the formation of faint cytoplasmic foci 
(Figure 5.6.1vii, arrow and asterisk respectively). In the presence of the control 
plasmid lacking the parS site, GFP-Soj localization in the∆10parS was mostly 
nucleoid associated, consistent with the protein accumulating as a dimer 
(Figure 5.6.1v, circle). Marker frequency analysis (Figure 5.6.2) showed that 
regulation of DnaA by Soj was restored to wild-type levels in the ∆10parS 
mutant containing parS+ pLOSS (Western blot was performed for correct strain 
construction; Figure 2.13.5). These results indicate that Spo0J is able to interact 
with parS in trans to form nucleoprotein complexes capable of efficiently 
regulating Soj activity. 
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Figure 5.6.1: GFP-Soj localization in the presence of ectopic parS sites 
 
GFP-Soj localization in the wild-type and parS mutants in the presence of the 
control or parS plasmids. Cells were grown in 2% glucose minimal media at 37˚ 
supplemented with spectinomycin (50 µg/ml) until early exponential phase. 
GFP-soj localization was determined by epifluorescence microscopy. An arrow 
(→) denotes localization at a septum, an asterisk (*) indicates localization as a 
focus and a circle (●) denotes nucleoid binding (Scale bar = 3 μm). 
Approximately 500 cells were visualized for each strain and typical cells are 
shown. (i) parS- pLOSS wild-type (AK465), (ii) ∆spo0J parS- pLOSS wild-type 
(AK469), (iii) parS+ pLOSS wild-type (AK463), (iv) ∆spo0J parS+ pLOSS wild-
type (AK467), (v) parS- pLOSS ∆10parS (AK473), (vi) ∆spo0J parS- pLOSS 
∆10parS (AK477), (vii) parS+ pLOSS ∆10parS (AK471), ∆spo0J parS+ pLOSS 
∆10parS (AK475). 
 
 
 
 
 
 
 
 
 
 
  
159 
 
 
Figure 5.6.2: DNA replication initiation was restored by ectopic parS  
 
DNA replication initiation was restored by the low-copy plasmid in a ∆10parS 
mutant. Cells were grown in 2% succinate minimal media at 37˚ supplemented 
with spectinomycin (50 µg/ml) until early exponential phase. Genomic DNA was 
harvested from cells and the oriC-to-terminus ratio of each mutant containing 
parS- pLOSS (grey) or parS+ pLOSS (blue) was determined using marker 
frequency analysis. The results are shown as the average ± standard deviation 
from three technical replicates.  parS- pLOSS wild-type (AK429), parS- pLOSS 
∆10parS (AK437), parS+ pLOSS wild-type (AK427), parS+ pLOSS ∆10parS 
(AK435), ∆spo0J parS- pLOSS wild-type (AK433), ∆spo0J parS- pLOSS 
∆10parS (AK441), ∆spo0J parS+ pLOSS wild-type (AK431), ∆spo0J parS+ 
pLOSS ∆10parS (AK439), ∆soj-spo0J parS- pLOSS wild-type (AK625), ∆soj-
spo0J parS- pLOSS ∆10parS (AK629), ∆soj-spo0J parS+ pLOSS wild-type 
(AK623), ∆soj-spo0J parS+ pLOSS ∆10parS (AK627), ∆soj parS- pLOSS wild-
type (AK621), ∆soj parS- pLOSS ∆10parS (AK633), ∆soj parS+ pLOSS wild-type 
(AK619), ∆soj parS+ pLOSS ∆10parS (AK631). 
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5.7 A single ectopic parS on the chromosome affects overall chromosome 
organization and segregation 
As discussed in Chapter 4, non-specific residual binding of either Spo0J 
or condensin to the DNA may explain the almost identical overall chromosome 
morphology and origin segregation/positioning of the ∆10parS mutant compared 
to wild-type. Therefore, I next explored how enriching Spo0J at ectopic positions 
on the chromosome by inserting a single parS site into the ∆10parS mutant 
(∆9parS+90, ∆9parS+270, ∆9parS+359) would affect chromosome organization. 
First the overall chromosome morphology was determined by visualizing 
nucleoids within single cells; DNA was stained with DAPI and the cell 
membrane was stained with FM-595. Interestingly, in cells with a single parS 
site, the nucleoid appeared to be less condensed (Figure 5.7.1ii-iv). This defect 
in nucleoid morphology was more severe in strains with a parS site located 
away from the origin at 90˚ and 270˚ (Figure 5.7.1ii-iii). In addition, these strains 
appears to be elongated and produced ~1-2% of stumpy cells (data not shown), 
indicating a defect in the coordination of DNA replication and segregation. 
Taken together with the results of previous Chapters 3 and 4, this indicates that 
Spo0J:parS nucleoprotein complexes located away from the origin impair 
chromosome organization, likely through the inappropriate recruitment of 
condensin. It is not clear why a parS site located near oriC also causes the 
nucleoid to decondense. 
 I suspected that strains with a single parS site located away from oriC 
might be affected in chromosome origin segregation, as was observed when 
Spo0J was redistributed away from origin-proximal parS sites (Chapter 3.7). I 
tested this hypothesis by visualizing the number of origins per cell (as described 
in Chapter 3.7 and 4.5) in the ∆9parS+90 and ∆9parS+359 strains (Figure 5.7.2A). 
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Chromosome origin separation was largely unaffected when parS is present 
near the origin at 359˚, with the majority of cells containing two TetR-GFP foci 
(Figure 5.7.2Bi; brown bar). Strikingly, when a parS site is located away from 
oriC there was a sharp increase in cells containing only a single focus (Figure 
5.7.2Bi; purple bar). This is in agreement with previous results when Spo0J 
(and likely condensin) was redistributed away from the origin using parS arrays 
and parS+ plasmids (Chapter 3.7), and is consistent with published results that 
condensin has to be recruited to oriC for proper origin segregation (Wang et al., 
2014b). In a ∆spo0J mutant the number of foci per cell greatly increased, 
consistent with marker frequency analysis (Figure 5.3.1) indicating increased 
DNA replication initiation. Taken together these results show that a single parS 
must be located near oriC to elicit proper chromosome organization and origin 
separation. 
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Figure 5.7.1: Overall chromosome organization is affected when parS is 
located away from the origin 
 
Nucleoid of parS mutants are affected. Cells were grown in 2% glucose minimal 
media supplemented with 200 µg/ml casein hydrolysate at 37˚ until early 
exponential phase. DNA was visualized by DAPI (cyan colour) and membranes 
were stained with FM-595 dye (Scale bar = 3 μm). Approximately 500 cells 
were visualized for each strain and typical cells are shown. (i) Wild-type 
(AK239), (ii) ∆9parS+90 (AK323), (iii) ∆9parS+270 (AK603), (iv) ∆9parS+359 
(AK259). 
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Figure 5.7.2: Segregation and positioning of replicated sister is affected 
when parS is located away from the origin 
 
(A) Origin localization in wild-type B. subtilis. The oriC region was labelled with 
an array of tetO operators bound by TetR-GFP. soj+ spo0J+ (AK181) (Scale bar 
= 3 μm). (B) Origin counting in wild-type (grey), ∆9parS+90 (purple), ∆9parS+359 
(brown) in the presence and absence of Spo0J. Cells were grown in 2% 
succinate minimal media at 37˚ until early exponential phase. Cell membranes 
were stained with FM-595 dye to distinguish individual cells and the number of 
fluorescent TetR-GFP foci per cell was determined using epifluorescence 
microscopy. Bar charts showing the results from chromosome origin counts. 
The strain information is shown in the top right hand corner of each graph. An 
approximate of 300 cells was counted for each strain. soj+ spo0J+  (AK181), soj+ 
spo0J+  ∆9parS+90 (AK405), soj+ spo0J+  ∆9parS+359 (AK591), ∆spo0J (AK183), 
∆spo0J ∆9parS+90 (AK615), ∆spo0J ∆9parS+359 (AK639). 
 
 
  
164 
 
5.8 parS may be involved in chromosome orientation 
 As shown above, redistribution of Spo0J to ectopic parS sites affected 
origin separation and chromosome morphology. Therefore, I wondered whether 
origin positioning would also be affected when Spo0J (and likely condensin) are 
enriched at ectopic locations. To investigate this, origin position relative to the 
cell length was measured as described in Chapter 4.5 and 2.9. Strikingly, the 
origin appears to deviate from wild-type position in the presence of an ectopic 
parS site, suggesting that parS is influencing chromosome organization (Figure 
5.8.1A-B). Again in the ∆spo0J mutant the origins are positioned closer together 
(Figure 5.8.1A). 
 To investigate parS localization, the position of Spo0J-GFP in strains 
containing a single parS site was measured (as described in Chapter 4.5 and 
2.9). Spo0J-GFP foci were always found at the cell quarter position similar to 
wild-type, independent of where the parS sites were integrated into the 
chromosome (Figure 5.8.2A-B). This localization was dependent upon Soj 
because in the mutant background, Spo0J-GFP foci were located closer 
together (Figure 5.8.2A). Taken together, these results indicate that parS may 
be recruited to the cell quarter position through Spo0J and Soj and that when 
parS is located away from oriC this result in reorientation of the chromosome. 
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Figure 5.8.1: Origin was repositioned in the presence of ectopic parS  
 
(A) The origin was repositioned when a single ectopic parS was introduced into 
the Δ10parS strain. The oriC region was labelled with an array of tetO operators 
bound by TetR-GFP. Cells were grown in 2% succinate minimal media at 37˚ 
until early exponential phase. Cell membranes were stained with FM-595 dye to 
distinguish individual cells and fluorescent TetR-GFP was visualized using 
epifluorescence microscopy. An approximate of 100 cells was measured for 
each strain. The 95% confidence intervals for the mean were calculated. soj+ 
spo0J+ (AK181), ∆spo0J (AK183), soj+ spo0J+ ∆9parS+90 (AK405), ∆spo0J 
∆9parS+90 (AK615), soj+ spo0J+ ∆9parS+359 (AK591), ∆spo0J ∆9parS+359 
(AK639). (B) Schematic diagram showing the position of the origin within the 
cell. (i) soj+ spo0J+ (AK181), (ii) soj+ spo0J+ ∆9parS+359 (AK591), (iii) soj+ spo0J+ 
∆9parS+90 (AK405). 
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Figure 5.8.2: Spo0J-GFP foci was positioned at the cell quarter 
 
(A) Ectopic parS on the chromosome was repositioned to the cell quarter. Cells 
were grown in 2% succinate minimal media at 37˚ until early exponential phase. 
Membranes were stained with FM-595 dye to distinguish cells and visualized 
using epifluorescence microscopy. soj+ spo0J+ (AK367), ∆soj (AK421), soj+ 
spo0J+ ∆9parS+90 (AK373), ∆soj ∆9parS+90 (AK425), soj+ spo0J+ ∆9parS+270 
(AK597), ∆soj ∆9parS+270 (AK643), soj+ spo0J+ ∆9parS+359 (AK593), ∆soj 
∆9parS+359 (AK641). (B) Schematic diagram showing the position of the overall 
Spo0J-GFP localization within the cell. (i) soj+ spo0J+ (AK367), (ii) soj+ spo0J+ 
∆9parS+359 (AK593), (iii) soj+ spo0J+ ∆9parS+90 (AK373), (iv) soj+ spo0J+ 
∆9parS+270 (AK597). 
 
  
167 
 
5.9 Chapter 5 Discussion 
 
5.9.1 Soj regulation by Spo0J requires a single parS site either in cis or in 
trans 
In Chapter 3 it was shown that increasing the number of parS sites and 
redistributing Spo0J did not compromise regulation of Soj. In Chapter 4 it was 
shown that regulation of Soj by Spo0J was severely perturbed in the absence of 
all parS sites. Here in Chapter 5 single parS sites were re-introduced to the 
Δ10parS strain at different locations. Soj activity assays showed that regulation 
by Spo0J was restored close to wild-type levels in these strains. These results 
indicate that only a single Spo0J:parS nucleoprotein complex is required to 
regulate Soj.  
Interestingly, when a multi-copy plasmid containing parS was 
transformed into the ∆10parS mutant, the strain was transformable but 
subsequent propagation was severely compromised. It is likely that in this 
scenario, without any origin proximal  parS sites to recruit Spo0J, Spo0J (and 
condensin) was strongly titrated away from the chromosome leading to a severe 
segregation defect that inhibited cell viability (see below for more explanation).  
Finally, close inspection of Soj-GFP localization in the range of ∆9parS 
mutants revealed small patches of Soj accumulating near the septum. It may be 
that reducing the efficiency of Spo0J to stimulate Soj ATPase activity has 
revealed an intermediate stage in Soj localization. This observed behaviour is 
reminiscent of  ParA in both C. crescentus  and V. cholerae where the dimeric 
forms of the proteins display a cloud-like localization pattern over the nucleoid 
to capture and pull the ParB/parS complex towards the cell pole (Fogel and 
Waldor, 2006; Ptacin et al., 2010; Schofield et al., 2010; Shebelut et al., 2010). 
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Thus, Soj dimers may also preferentially accumulate near the cell pole where 
they could influence the localization/positioning of Spo0J:parS complexes 
and/or the activity of DnaA. A similar enrichment of Soj dimers near the cell pole 
was observed when GFP-Soj was artificially overexpressed in a merodiploid 
strain with the wild-type soj gene at its native position and a xylose-inducible 
gfp-soj fusion elsewhere on the chromosome. (Autret and Errington, 2003). 
 
5.9.2 Chromosome origin organization and segregation was affected by 
ectopic parS  
It was shown in Chapter 4 that nucleoid morphology was not affected in 
the absence of parS sites and I speculated that the residual binding of 
condensin onto DNA is sufficient to maintain overall chromosome organization. 
To investigate whether actively recruiting Spo0J, and thus condensin, away 
from the origin would have any effect on organization, nucleoids were stained 
with DAPI and visualized in a range of ∆9parS mutants. Strikingly, strains 
∆9parS+90 and ∆9parS+270 appear to form elongated cells with less condensed 
nucleoids. These strains also generated cells that contained spaces devoid of 
DNA, suggesting that cell division was also being affected, likely as an indirect 
consequence of the chromosome organization defect. Furthermore, these 
mutants also exhibited a clear defect in origin segregation. In contrast, origin 
segregation was largely unaffected in the ∆9parS+359, consistent with the notion 
that origin proximal Spo0J recruiting condensin to oriC is necessary for proper 
chromosome segregation. 
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5.9.3 B. subtilis chromosome is dynamic 
Vegetative growing B. subtilis cells have been found to adopt an ori-ter 
orientation with both chromosome arms lying side by side in a linear fashion 
and with their position along the chromosome corresponding with distinct 
distances along the cell length (Lee et al., 2003; Teleman et al., 1998; Wang et 
al., 2014a). Furthermore, the entire B. subtilis soj-spo0J locus containing parS 
is required for efficient maintenance of an unstable plasmid and remarkably 
these plasmids are localized to the cell quarter position (Lin and Grossman, 
1998; Yamaichi and Niki, 2000). My data has revealed that Spo0J-GFP foci 
were recruited towards the cell quarter position regardless of the location of the 
inserted parS site, thereby suggesting that the chromosome is flexible and re-
orientates when a parS site is positioned towards the cell pole. In addition, 
visualizing the origin by tagging it with the tetO/TetR-GFP system further 
revealed that this region appears to be displaced away from its normal position 
within the cell when an ectopic parS is present. These observations suggest 
that B. subtilis chromosome orientation may be defined in part by origin 
proximal parS sites, although more detailed experiments have to be performed 
(see Chapter 6). In support of this model, published data have shown that 
removing endogenous parS in C. crescentus and V. cholerae and replacing it 
with an ectopic parS lead to global rearrangement of the chromosome (David et 
al., 2014; Umbarger et al., 2011). However, it should be noted that both C. 
crescentus and V. cholerae ParB/parS complex is anchored to the cell pole, 
while B. subtilis chromosome is not anchored to the cell pole during vegetative 
growth. 
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5.10 Chapter 5 Future work 
 
5.10.1 Combining the spo0JR206C DNA binding-deficient mutation with the 
spreading-deficient mutation 
Both the spreading-deficient Spo0J mutants and the ∆10parS mutant 
overinitiate DNA replication, but the degree of overinitiation was not as severe 
as in the complete absence of Spo0J (Figure 5.3.1 and Figure 5.4.1). It is 
possible that unspecific Spo0J dimers binding to DNA still retained some 
capacity to regulate Soj or that these mutants might still be able to form short 
transient Spo0J nucleoprotein complexes that were capable of regulating Soj 
less efficiently.   
Therefore to investigate whether the DNA binding activity was causing 
this lower degree in overinitiation, the DNA binding-deficient mutation 
spo0JR206C (Autret et al., 2001) will be combined with the spreading-deficient 
mutation spo0JG77S or spo0JR149A in the ∆9parS  and ∆10parS background. I 
speculate that the degree of overinitiation in these mutants will be close to the 
∆spo0J mutant because now both the DNA binding and spreading activities 
have been abolished. 
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Chapter 6: Final Discussion 
 
6.1 The assembly of the Spo0J nucleoprotein complexes in regulating Soj 
During the majority of the B. subtilis cell cycle, Soj has been proposed to 
act as an inhibitor of DnaA, being maintained in its monomeric form through 
efficient regulation by Spo0J nucleoprotein complexes (Murray and Errington, 
2008; Scholefield et al., 2011). This is in line with the data I have presented in 
this thesis, namely that a single parS site is necessary and sufficient for the 
assembly of a Spo0J nucleoprotein complex capable of controlling Soj activity.  
My data show that the regulation of Soj by Spo0J was perturbed by the 
deletion of parS sites, but the defects observed were not as severe as in a 
∆spo0J null mutant, suggesting that Spo0J still retain some regulatory capacity. 
Furthermore, a single parS, regardless of the location, restored the ability for 
Spo0J to regulate Soj. And that to fully restore Soj regulation, Spo0J have to 
form the nucleoprotein complexes through spreading and/or bridging from the 
parS site. This is in line with the in vitro data that a single parS is sufficient for 
Spo0J to stimulate maximum ATPase activity of Soj (Scholefield et al., 2011). 
More importantly, this suggests that the lower initiation frequency observed in 
the ∆10parS mutant could be due to Spo0J binding to unspecific DNA and/or 
forming short transient Spo0J nucleoprotein complex that retained some 
capacity to regulate Soj (see future work).  
Interestingly, when Spo0J was not present in the ∆10parS strain, the 
degree of overinitiation was again not as severe as in a ∆spo0J mutant. This 
similar pattern of overinitiation was observed even when a single parS is 
present in the range of the ∆spo0J ∆9parS strains. I do not know why this 
pattern of overinitiation was observed, but I suspect that Spo0J binding to origin 
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proximal parS and through spreading and bridging, will form the nucleoprotein 
complexes that may change the local conformation of the DNA. In addition, 
condensin recruitment to the origin and the nucleoid associated protein, Hbsu 
may also facilitate in changing the DNA conformation around the origin, thereby 
facilitating DnaA binding to DnaA-Boxes to initiate DNA replication initiation. It is 
also possible that these changes in DNA conformation might have affected Soj 
and Spo0J expression levels.  Alternatively, Spo0J and /or parS might facilitate 
in recruiting or stabilising DnaA oligomerization at the origin to initiate DNA 
replication because ChIP-chip analysis of B. subtilis genome have shown that 
areas of Spo0J enrichment corresponds with DnaA enrichment at the origin 
(Ishikawa et al., 2007). And a recent paper has shown that in C. crescentus, 
DnaA bind to sites surrounding  parS sequence (Mera et al., 2014).  Other 
possibilities such as during the construction of the ∆8parS strain (Sullivan et al., 
2009), site-directed mutagenesis to remove the parS site located within protein 
coding sequences could have altered the expression or activity of these 
proteins, or other undiscovered  factors might be interacting with Spo0J and/or 
parS sites. 
In the ∆soj and ∆(soj-spo0J) double mutant, the initiation frequency was 
restored to a level near wild-type (slight overinitiation was observed), regardless 
of the number and location of the parS, suggesting that it is Soj-dependent. This 
slight degree in overinitiation likely reflects the effects of other regulatory 
mechanisms that may serve as a backup system in the event of the loss of one 
regulatory system.  One such system is the dual role of YabA in regulating 
DnaA activity by inhibiting DnaA helix formation and tethering DnaA to the 
replisome to titrate DnaA away from the origin (for more regulatory mechanisms 
during vegetative growth, look at Chapter 1.3). 
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Taken together,  I hypothesize that formation of the Spo0J nucleoprotein 
complexes increases the local concentration of Spo0J through lateral spreading 
and bridging (Graham et al., 2014).  This will increase the chances/ability of 
Spo0J to contact a Soj dimer and stimulate its ATPase activity. Alternatively, 
assembly of a Spo0J nucleoprotein complex may cause the chromosome to 
adopt a conformation that is optimum for Spo0J to interact with Soj. These 
possibilities are not mutually exclusive and could involve other (unknown) 
regulatory mechanisms and factors. 
 
6.2 Spo0J nucleoprotein complexes in chromosome segregation 
Condensin recruitment to the replication origin region by Spo0J is 
essential for proper chromosome segregation (Gruber and Errington, 2009; 
Sullivan et al., 2009; Wang et al., 2014b). The data that I have presented in this 
thesis is consistent with the idea, as redistributing Spo0J to ectopic location 
dramatically affected origin segregation.  I hypothesize that in a normal cell, 
following DNA replication initiation the replicated origins are immediately 
organized by condensin to promote segregation. In the situation when 
condensin was redistributed onto the chromosome away from the origin (i.e. – 
parS sites at either 90 º or 270º) DNA replication still proceeds normally, 
however, instead of immediately separating the replicated origins these regions 
remain in close proximity until the sites of ectopic condensin enrichment are 
replicated. Organization and segregation will then occur around these ectopic 
regions, thus affecting proper chromosome conformation. Additionally, other 
mechanisms may also be affected by the ectopic positioning of Spo0J, such as 
the partitioning activity of Soj which contributes to parS site segregation and 
localization, DnaA localization to the origin may contribute to origin segregation 
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and the enrichment of condensin to several location on the left and right arms of 
the chromosome  that contain highly expressed genes (Gruber and Errington, 
2009; Ireton et al., 1994; Mera et al., 2014; Sharpe and Errington, 1996; 
Sullivan et al., 2009; Wang et al., 2014a).  
Nevertheless, this leads to an interesting question as to the function of 
the two parS sites at 90˚ and 270˚ that are located away from the origin region. I 
propose that during vegetative growth when B. subtilis chromosome oscillate 
between the left-ori-right and ori-ter pattern (Wang et al., 2014a), Spo0J forming 
nucleoprotein complexes at parS (90˚) will bridge the left and right arms of the 
chromosome, maintaining it in the ori-ter conformation. On the other hand, a 
recent study using super-resolution microscopy and chromosome-capture 
technologies have revealed that B. subtilis forms two macro domains, one at the 
replication origin and the other at the terminus that adopts specific sub-cellular 
location within the cell. The formation of the terminus macro domain requires 
both Spo0J nucleoprotein complex and condensin at parS (206˚) (Submitted) 
(Marbouty et al., 2014). In addition, these two parS sites appear to have the 
lowest affinity for Spo0J (Breier and Grossman, 2007), therefore I suggest that 
at least for the interaction at 90˚, Spo0J nucleoprotein complexes may be less 
stable and this will allow the chromosome arms to rapidly move apart as it 
switches  between the ori-ter  to left-ori-right orientation during period of high 
growth rates.  
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6.3 Soj may coordinate the initiation of DNA replication and chromosome 
segregation 
Soj and Spo0J belong to the family of the type I plasmid partition system. 
Segregation of plasmids by this system is thought to occur when  ParA/SopA 
forms either a filament or a cloud-like structure over the nucleoid that pushes or 
pulls the plasmid towards the cell pole, respectively (Ebersbach and Gerdes, 
2001, 2004; Erzberger et al., 2006; Hatano et al., 2007; Lim et al., 2005; 
Ringgaard et al., 2009). B. subtilis Soj does not form a filament (Scholefield et 
al., 2012). However, my data has revealed that GFP-Soj can accumulate near 
the septum when only a single parS site is present in the genome. I hypothesize 
that this localization pattern may represent dimeric Soj interacting with the 
nucleoid, consistent with enrichment of GFP-Soj near the cell pole when the 
protein is artificially overexpressed in a soj merodiploid strain (Autret and 
Errington, 2003).  
I thereby propose a model for B. subtilis origin segregation based mainly 
on the previously described DNA relay mechanism (Lim et al., 2014).  In this 
model, dimeric Soj binds to the nucleoid  (Murray and Errington, 2008; 
Scholefield et al., 2011), creating a Soj gradient extending over the nucleoid 
(Figure 6.3.1i-ii). Following DNA replication initiation , Spo0J forms 
nucleoprotein complexes through lateral spreading and DNA bridging with origin 
proximal parS sites located at mid-cell and the chromosome adopting a left-ori-
right pattern (Breier and Grossman, 2009; Graham et al., 2014; Lin and 
Grossman, 1998; Livny et al., 2007; Murray et al., 2006; Wang et al., 2014a). 
To generate movement for the origin, origin proximal Spo0J:parS 
complexes will progressively associate and disassociate with the nucleoid 
bound Soj dimers (Vecchiarelli et al., 2013). This interaction between Spo0J 
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and Soj will stimulate the ATPase activity of Soj, causing it to disassociate from 
the nucleoid as a monomer and inhibiting DnaA activity to repress DNA 
replication initiation during chromosome segregation (Figure 6.3.1iii) 
(Scholefield et al., 2011). The dissociated Soj monomer will then accumulate at 
the septum in a MinD-dependent manner (Figure 6.3.1iv)  (Autret and Errington, 
2003; Murray and Errington, 2008). As the origins separate, the chromosome 
will reorientate itself to adopt the ori-ter pattern (Lee et al., 2003; Wang et al., 
2014a). 
Through either a passive or an active process, monomeric Soj proteins 
will bind ATP to regenerate the dimeric form of the protein. Because Soj 
monomers are enriched at the cell pole, I propose that the resulting increase in 
the local concentration of Soj proteins will promote dimerization in this region of 
the cell. Accumulation of Soj dimers could then act to transiently overwhelm the 
ability of the origin proximal Spo0J nucleoprotein complexes to stimulate 
nucleotide exchange (Figure 6.3.1v).  Note it was recently shown that DNA 
replication initiates when the origin is located at the edge of the nucleoid and 
proximal to the cell pole (Wang et al., 2014a). Thus, the proposed increase in 
Soj dimers near the cell pole could act to spatially regulate DNA replication 
initiation. Following DNA replication initiation (Figure 6.3.1vi) the duplicated 
origins are moved in tandem to mid cell by condensin (Figure 6.3.1vii), and this 
repositioning will allow regeneration of the gradient of Soj dimers on the 
nucleoid (Figure 6.3.1i-ii). The replicated origins will again be segregated 
through repartition of the process (Figure 6.3.1i-vii). 
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Figure 6.3.1: Soj model in initiation of DNA replication and chromosome 
segregation 
 
Cartoon representation of the model describing Soj coordinating DNA 
replication initiation and chromosome segregation. (i-ii) Soj dimer forms a 
gradient over the nucleoid. (iii) Origin-proximal Spo0J:parS complexes stimulate 
Soj ATPase activity to generate movement while monomeric Soj inhibits DnaA 
activity during chromosome segregation. (iv) The origin translocates to the edge 
of the nucleoid with monomeric Soj accumulating at the septum. (v) Soj 
nucleotide exchange leads to increase in Soj dimer at the cell pole. (vi) DNA 
replication initiate at the cell quarter. (viii) The origins are translocated to the 
mid cell by condensin.  
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Chapter 7: Future work 
 
7.1 The relationship between initiation of DNA replication and 
chromosome segregation by Spo0J, Soj, and condensin 
Spo0J:parS complexes interact with Soj and condensin at the origin 
(Breier and Grossman, 2007; Graham et al., 2014; Gruber and Errington, 2009; 
Lin and Grossman, 1998; Livny et al., 2007; Murray et al., 2006; Sullivan et al., 
2009). However, it remains unclear whether condensin recruitment by Spo0J 
might influence Soj regulation or vice-versa. To investigate this, mutants should 
be identified that block specific interaction of various complexes. Some 
examples of these are available (Figure 7.1.1), such as the spo0JL5H allele that 
cannot interact with Soj but does recruit condensin, while the converse is true 
for the spo0JN112S and spo0JR149G alleles. The dnaAL294R, dnaAV323D and 
dnaAA341V alleles that do not interact with Soj but allow Spo0J to both recruit 
condensin and regulate Soj, the sojD66A  allele that abolish Soj interaction with 
Spo0J but allows interaction with DnaA, and the sojK201A allele that do not 
localize to the septum but still interacts with Spo0J and DnaA (Bartosik et al., 
2014; Gruber and Errington, 2009; Scholefield et al., 2012). Both forward and 
reverse genetic approaches could be used to identify more mutants.    
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Figure 7.1.1: Flow chart showing Spo0J, Soj, condensin and DnaA 
interaction 
 
Schematic diagram showing the various known alleles that affect interaction 
between complexes. 
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7.2 The role of Soj and Spo0J in chromosome segregation and 
organization 
In C. crescentus and V. cholerae,  segregation of the newly replicated 
chromosome requires the dimeric form of ParA to form a gradient over the 
nucleoid to capture and pull the ParB/parS complex towards the cell pole (Fogel 
and Waldor, 2006; Ptacin et al., 2010). Although in B. subtilis, Soj neither forms 
a filament nor the ParA gradient (Scholefield et al., 2012), however my data 
show that in the presence of a single parS site, GFP-Soj was observed to 
accumulate as small patches adjacent to septa and this was suspected to 
represent GFP-Soj binding to DNA located proximal to a cell pole (Figure 5.2.1).  
To test this idea of GFP-Soj binding to the nucleoid, the ∆9parS strains 
will be stained either with the non-specific DNA fluorescent dye, DAPI or with 
HU-RFP to confirm whether the small patches do indeed accumulate over the 
nucleoid mass. Furthermore, to more directly test whether DNA binding property 
is required, localization studies using the DNA binding mutant GFP-SojR189A in 
the context of the ∆9parS strains will be performed. 
In addition, because the small patches appears to be reminiscent of the 
ParA cloud-like structure in C. crescentus  and V. cholerae, it will be interesting 
to investigate whether a similar mechanism exist in B. subtilis. Time-lapse 
microscopy using either Spo0J-YFP or visualizing the origin with the TetR-
YFP/tetO reporter system in the context of CFP-Soj patches in the 9parS+359 
mutant will be performed. I speculate that if the mechanism is similar to the 
plasmid type I system, then both the TetR-YFP and Spo0J-YFP focus should be 
at the edge of the receding Soj-CFP patch as it translocate across the nucleoid.   
Likewise, to further understand Soj and Spo0J in driving chromosome 
segregation, a similar reconstituted cell free system used by Vecchiarelli and 
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colleagues to study F and P1 plasmid movement in vitro, using total internal 
reflection fluorescent microscopy (TIRFM) will be performed (Vecchiarelli et al., 
2013; Vecchiarelli et al., 2014).   
Finally my data also suggests that parS in B. subtilis may play a part in 
chromosome positioning. To more accurately investigate this, colocalization 
experiments will be utilized to visualize multiple regions of the chromosome in 
single cells using the strains described in this thesis. TetR-YFP/tetO and LacI-
CFP/lacO arrays could be integrated into various regions of the chromosome, 
and additionally DNA could be visualized using HU-RFP.  
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7.3 The involvement of condensin in origin segregation 
  
The chromosome of the ∆8parS mutant when grown in rich media 
appeared to be less condensed with an increased frequency of anucleate cells 
formation, suggesting a defect in chromosome segregation (Sullivan et al., 
2009). However my data showed that chromosome organization and 
segregation in the ∆8parS and ∆10parS mutant appeared to be largely normal 
when grown in minimal media (Figure 4.4.1 and Figure 4.5.1), consistent with 
published data that lowering the replication fork velocity bypass the defect in 
origin segregation in the absence of condensin (Gruber et al., 2014).  
To reconcile these differences, the ∆10parS mutant will be grown in rich 
media and both the origin counting assay and DAPI staining will be employed to 
clarify the involvement of condensin. Relating to this, when the multi-copy parS+
 
plasmid was transformed into the ∆10parS background, the transformants were 
severely compromised (Chapter 5.5). I speculate  this might be due to the 
inappropriate recruitment of condensin to the parS+
 
plasmid, therefore to 
investigate this, tranformants will be maintained in minimal media plates instead 
of LB plates (rich media). 
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Multiple Regulatory Systems Coordinate DNA
Replication with Cell Growth in Bacillus subtilis
Heath Murray*, Alan Koh
Centre for Bacterial Cell Biology, Institute for Cell and Molecular Biosciences, Newcastle University, Newcastle Upon Tyne, United Kingdom
Abstract
In many bacteria the rate of DNA replication is linked with cellular physiology to ensure that genome duplication is
coordinated with growth. Nutrient-mediated growth rate control of DNA replication initiation has been appreciated for
decades, however the mechanism(s) that connects these cell cycle activities has eluded understanding. In order to help
address this fundamental question we have investigated regulation of DNA replication in the model organism Bacillus
subtilis. Contrary to the prevailing view we find that changes in DnaA protein level are not sufficient to account for nutrient-
mediated growth rate control of DNA replication initiation, although this regulation does require both DnaA and the
endogenous replication origin. We go on to report connections between DNA replication and several essential cellular
activities required for rapid bacterial growth, including respiration, central carbon metabolism, fatty acid synthesis,
phospholipid synthesis, and protein synthesis. Unexpectedly, the results indicate that multiple regulatory systems are
involved in coordinating DNA replication with cell physiology, with some of the regulatory systems targeting oriC while
others act in a oriC-independent manner. We propose that distinct regulatory systems are utilized to control DNA replication
in response to diverse physiological and chemical changes.
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Introduction
DNA replication must be coordinated with the cell cycle to
ensure proper genome inheritance. For many bacteria cellular
physiology dictates the rate of growth and division. In nutrient-rich
media that support rapid growth rates, bacteria synthesize DNA
more rapidly by increasing the frequency of DNA replication
initiation [1–3]. This control system is termed nutrient-mediated
growth rate regulation and although it has been appreciated for
decades, the molecular mechanisms that connect cell physiology
with DNA replication initiation remain debatable.
Historically it has been thought that there is a constant cell mass
or cell size at the time of bacterial DNA replication initiation and it
has been proposed that a positive regulator would accumulate in a
growth-dependent manner to trigger DNA replication initiation
when cells attained a critical size [4]. However, modern
quantitative analysis of single bacterial cells within steady-state
populations has shown that the relationship between DNA
replication initiation and cell mass is variable, indicating that the
control for timing of DNA replication initiation is not governed by
a direct connection with mass accumulation [5].
DnaA is the master bacterial DNA replication initiator protein
and is a candidate factor to connect cell physiology with DNA
synthesis. DnaA is a member of the AAA+ family of ATPases and
shares homology with archaeal and eukaryotic initiator proteins.
DnaA directly stimulates DNA replication initiation from a single
defined origin of replication (oriC) once per cell cycle. Multiple
ATP-bound DnaA molecules bind to an array of recognition
sequences (DnaA-box 59-TTATCCACA-39) within oriC where
they assemble into a helical filament that promotes duplex DNA
unwinding [6,7].
Studies in Escherichia coli have suggested that the amount of
ATP-bound DnaA dictates the rate of DNA replication initiation.
Artificial overexpression of DnaA increases the frequency of DNA
replication initiation [8,9]. Conversely, decreasing the amount of
DnaA per cell by synthetically promoting early cell division delays
DNA replication initiation and modest increases in DnaA levels
alleviate this delay, supporting the view that growth-dependent
accumulation of DnaA is the trigger for replication initiation in E.
coli [10]. However, it remains uncertain whether the amount of
ATP-bound DnaA is the primary regulator that coordinates DNA
replication initiation with cell growth in wild-type E. coli cells [11].
In contrast to E. coli, studies in Bacillus subtilis have suggested
that the amount of DnaA may not dictate the rate of DNA
replication initiation. Artificially decreasing cell size by stimulating
cell division (thereby lowering the amount DnaA per cell to,70%
of wild-type) did not affect DNA replication initiation [10].
Moreover, results from overexpression of DnaA in B. subtilis are
not clear. Increased expression of DnaA alone causes cell
elongation, cell growth inhibition, and induction of the SOS
DNA damage response due to depletion of DnaN because of
autoregulation of the dnaA-dnaN operon by DnaA [12]. To
circumvent this problem DnaA was co-overexpressed with DnaN,
and under this condition DNA replication initiation does increase
[12]. However, subsequent experiments demonstrated that over-
expression of DnaN alone increases DNA replication initiation by
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repressing the activity of the regulatory protein YabA (an inhibitor
of DnaA)[13], suggesting that this could account for the effect on
DNA replication initiation when DnaA and DnaN were co-
overexpressed.
In this study we have investigated nutrient-mediated growth
rate control of DNA replication initiation in B. subtilis. We find
that changes in DnaA protein level are not sufficient to account for
nutrient-mediated growth rate regulation of DNA replication
initiation, although this regulation does require both DnaA and
oriC. We then present evidence suggesting that multiple regulatory
systems are involved in coordinating DNA synthesis with cell
physiology, and that depending on the nature of the growth
limitation, control of DNA replication acts through either oriC-
dependent or oriC-independent mechanisms.
Results
Changes in DnaA levels cannot account for nutrient-
mediated growth rate regulation of DNA replication
initiation in B. subtilis
Steady-state bacterial growth rates can be manipulated by
culturing cells in media that contain differing amounts of nutrients,
with rich media supporting faster growth because resources are not
required to synthesize cellular building blocks de novo. In response
to different nutrient-mediated steady-state growth rates, bacteria
control DNA synthesis by varying the frequency of DNA
replication initiation while maintaining a constant speed of
elongation [1–3,14]. The rate of DNA replication initiation can
be determined by marker frequency analysis (i.e. - measuring the
ratio of DNA at the replication origin (ori) versus the replication
terminus (ter) using quantitative PCR), and Figure 1A shows the
positive correlation between DNA replication initiation and
nutrient-mediated growth rates (cell doublings per hour measured
using spectrophotometry). It is important to state that experimen-
tal approaches which change bacterial growth rates without
altering the chemical composition of the cell (e.g. – varying
temperature) do not influence the rate of DNA replication
initiation (Figures 1B, S1; [15,16]). Thus, varying nutrient
availability modulates bacterial physiology, in turn affecting cell
growth and DNA replication initiation [3].
It has been reported that DnaA protein level determines the
frequency of DNA replication initiation in E. coli [8,9], therefore
we wondered whether the amount of DnaA could account for
nutrient-mediated growth rate regulation of DNA replication
initiation in B. subtilis [14]. Western blot analysis shows that
DnaA concentration increases with faster steady-state growth rates
(Figure 1C; the tubulin homolog FtsZ was used as a loading
control because its concentration is growth-rate independent
[17,18]). Since B. subtilis cell size increases as a function of growth
rate, the number of DnaA molecules would also be greater in
larger cells formed during fast growth (Figure S2)[14]. This
conclusion is in agreement with absolute quantification of DnaA
proteins per cell determined at different growth rates using mass
spectrometry (163-337 molecules at 0.5 doublings/hr; 875-1791
molecules at 1.0 doublings/hr)[18]. These results indicate that the
amount of DnaA protein could account for nutrient-mediated
growth rate regulation of DNA replication initiation in B. subtilis.
To directly test whether the amount of DnaA protein
determines the rate of DNA replication initiation, the endogenous
dnaA gene was placed under the control of an IPTG-inducible
promoter (this also alleviated autoregulation of the dnaA-dnaN
operon [12]). At near wild-type DnaA levels growth rates were
normal, ori:ter ratios were unchanged, and the distribution of
origin regions per cell visualized using a TetR-YFP/tetO reporter
system was equivalent to wild-type (Figures 2A-C, S4A). In
contrast, when the amount of DnaA fell significantly (between
,50–30% of wild-type, depending upon the media), growth rates
slowed, ori:ter ratios dropped, DNA replication was inhibited as
judged by origin region localization, and cells became elongated
(Figures 2A–C, S4A). As noted above dnaA is located in an operon
upstream of dnaN (encoding the sliding clamp component of the
replisome) in B. subtilis, and Western blot analysis confirmed that
the level of DnaN correlated with the level of DnaA (Figure S3B).
Depletion of DnaN can cause replication fork stalling and
induction of the SOS DNA damage response, which likely
contributes to the slow growth and cell elongation phenotypes
observed at low IPTG concentrations [12]. However, replication
fork stalling would also be expected to cause an increase in the
ori:ter ratio, suggesting that the observed decreases may be an
overestimate of the true initiation frequency. We conclude that
wild-type DnaA levels are necessary to achieve the proper
frequency of DNA replication initiation at both slow and fast
steady-state growth rates.
Only modest overexpression of DnaA could be achieved using
the IPTG-inducible promoter (Figure 2A), much lower than the
changes in DnaA concentration observed at different nutrient-
mediated growth rates (Figure 1C). Therefore, to further increase
DnaA protein levels a second copy of the dnaA gene was
integrated at an ectopic locus under the control of a xylose-
inducible promoter (again the endogenous dnaA-dnaN operon
was expressed using an IPTG-inducible promoter to avoid
autorepression). This strain was grown in media that supported
a slow growth rate and varying amounts of xylose were added to
induce DnaA (.10 fold overexpression was achieved, which was
in the range observed for different nutrient-mediated growth rates;
Figures 2E, 4D). When DnaA levels were elevated ,2–4 fold a
modest increase in the ori:ter ratios was observed, although
critically the resulting initiation frequencies remained well below
the rate generated in rich media (Figures 2D, S4B). These results
indicate that changes in DnaA protein levels are not sufficient to
Author Summary
DNA replication must be coordinated with cellular phys-
iology to ensure proper genome inheritance. Model
bacteria such as the soil-dwelling Bacillus subtilis can
achieve a wide range of growth rates in response to
nutritional and chemical signals. In order to match the rate
of DNA synthesis to the rate of nutrient-mediated cell
growth, bacteria regulate the initiation frequency of DNA
replication. This control of bacterial DNA replication
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the molecular basis for this regulation has remained hotly
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for nutrient-mediated growth rate regulation in bacteria,
namely that the abundance of the master DNA replication
initiation protein DnaA dictates the frequency of DNA
replication events. Critically, our results show that changes
in DnaA protein level are not sufficient to account for
nutrient-mediated growth rate regulation of DNA replica-
tion initiation in B. subtilis. We then go on to show that
there are strong connections between DNA replication and
several essential cellular activities, which unexpectedly
indicates that there is likely more than one single
regulatory pathway involved in coordinating DNA replica-
tion with cell physiology. We believe that our work
changes thinking regarding this long-standing biological
question and reinvigorates the search for the molecular
basis of these critical regulatory systems.
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account for nutrient-mediated growth rate regulation of DNA
replication initiation in B. subtilis.
Surprisingly, further overexpression of DnaA lead to a dramatic
decrease in the ori:ter ratios. To determine whether this inhibition
was specific, DnaA was overexpressed in a strain where oriC was
inactivated by partial deletion (DoriC), the endogenous dnaA-
dnaN operon was expressed using a constitutive promoter to avoid
autorepression, and genome replication was driven by a plasmid-
derived replication origin (oriN; integrated ,1 kb to the left of
oriC) that is recognized and activated by its cognate initiator
protein (RepN). It is important to note that while initiation at oriN
does not require either oriC or DnaA, the downstream B. subtilis
initiation proteins DnaD, DnaB and DnaC (helicase) are necessary
for oriN activity [19]. Therefore, if overexpression of DnaA was
either inhibiting the expression of genes required for DNA
replication (e.g. – nucleotide biosynthesis [20]) or sequestering
essential replication factors, then DNA replication initiation from
oriN would be expected to decrease. However, overexpression of
DnaA in the DoriC oriN+ background did not alter ori:ter ratios,
showing that high overexpression of DnaA specifically inhibits
DNA replication initiation at oriC (Figure S4C).
Neither Soj nor YabA nor (p)ppGpp are required for
nutrient-mediated growth rate regulation of DNA
replication initiation in B. subtilis
We hypothesized that nutrient-mediated growth rate control of
DNA replication initiation could act via regulation of DnaA
activity rather than protein abundance. There are two known
trans-acting regulators of B. subtilis DnaA during steady-state
growth, Soj and YabA. Soj is a dynamic protein that can act as
either a negative or a positive regulator of DnaA, depending upon
its quaternary state [21–23]. YabA is a negative regulator of DnaA
that forms a protein bridge between the initiator DnaA and the
DNA polymerase sliding clamp processivity factor, DnaN, and is
thought to inhibit DNA replication by spatially sequestering DnaA
away from the replication origin and by inhibiting DnaA
oligomerization [24–27]. Interestingly, the number of both
proteins per cell was found to positively correlate with growth
rate [18].
To determine whether either of these regulatory proteins is
required for nutrient-mediated growth rate regulation of DNA
replication initiation, single knockout mutants were cultured in a
range of media and analyzed using marker frequency analysis. It
was found that both of the mutant strains retained the ability to
coordinate DNA replication initiation with nutrient-mediated
changes in growth rate (Figures 3A, S5A). To test whether Soj and
YabA acted redundantly to control the nutrient-mediated activity
of DnaA, the double mutant was constructed and analysed by
marker frequency analysis. Again proper regulation of DNA
Figure 1. Nutrient-mediated growth rate regulation of DNA
replication initiation in B. subtilis. (A) Culturing B. subtilis in a
different media generates a range of steady-state growth rates and
affects the frequency of DNA replication initiation. A wild-type strain
(HM222) was grown overnight at 37uC in minimal media supplemented
with succinate and amino acids (20 mg/ml). The culture was diluted
1:100 into various media to generate a range of steady-state growth
rates and grown at 37uC until an A600 of 0.3–0.4. Genomic DNA was
harvested from cells and marker frequency analysis was determined
using qPCR. The ori:ter ratios are plotted versus growth rate (error bars
indicate the standard deviation of three technical replicates). Repre-
sentative data are shown from a single experiment; independently
performed experiments are shown in Figures 4 and S5. (B) Culturing B.
subtilis at different temperatures generates a range of steady-state
growth rates but does not affect the frequency of DNA replication
initiation. A wild-type strain (HM715) was grown overnight at 23uC in
LB. The culture was diluted 1:100 into LB and incubated at different
temperatures to generate a range of steady-state growth rates until an
A600 of 0.2–0.3. Genomic DNA was harvested from cells and marker
frequency analysis was determined using qPCR. The ori:ter ratios are
plotted versus growth rate (error bars indicate the standard deviation of
three technical replicates). Representative data are shown from a single
experiment; an independently performed replicate of the experiment is
shown in Figure S1. (C) Measurement of DnaA protein levels at various
growth rates in wild-type B. subtilis (HM715). Cultures were grown at
37uC overnight as in (A) and diluted 1:100 into various media (succinate,
glycerol, glycerol + amino acids, LB). to generate a range of steady-state
growth rates until an A600 of 0.6–0.8. Cells were lysed and DnaA protein
was detected using Western blot analysis (FtsZ protein was likewise
detected and used as a loading control). For each culture media the
average amount of DnaA (+/2 standard deviation) from at least three
biological replicates was determined using densitometry; values were
normalized to LB.
doi:10.1371/journal.pgen.1004731.g001
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Figure 2. Changes in DnaA protein level are not sufficient to account for nutrient-mediated growth rate regulation of DNA
replication initiation in B. subtilis. (A) The endogenous dnaA gene was placed under the control of the IPTG-inducible promoter Pspac to generate
a range of DnaA protein levels. Strains were grown overnight at 37uC in minimal media supplemented with succinate and amino acids (20 mg/ml);
IPTG (400 mM) and erythromycin was added to HM742. The cultures were diluted 1:100 into various media (glycerol, glycerol + amino acids, LB) to
generate a range of steady-state growth rates and grown at 37uC until an A600 of 0.5–0.6; in each medium HM742 was supplemented with
erythromycin and a range of IPTG (800, 400, 200, 100, 50 mM). Cells were lysed and DnaA protein was detected using Western blot analysis (FtsZ
protein was likewise detected and used as a loading control). The amount of DnaA was determined using densitometry; values were normalized to
wild-type. Wild-type (HM222), Pspac-dnaA (HM742). (B) DNA replication was measured at over a range of DnaA protein levels. Strains were grown as
described in (A). Genomic DNA was harvested from cells and marker frequency analysis was determined using qPCR. For each growth media, the
ori:ter ratios are plotted versus IPTG concentration (error bars indicate the standard deviation of three technical replicates). Representative data are
shown from a single experiment; an independently performed replicate of the experiment is shown in Figure S4A. Wild-type (HM222), Pspac-dnaA
(HM742). (C) Measurement of replication origins number per cell. An array of ,150 tetO sites was inserted near the replication origin and visualized
using TetR-YFP. Strains were grown as described in (A), except that overnight cultures were only diluted into a single medium (glycerol + amino
acids); AK652 was supplemented with erythromycin and a range of IPTG concentrations. Samples were taken at mid-exponential phase for
microscopy and membranes were stained to identify single cells (scale bar = 5 mm). Histogram colour corresponds to the respective strain/IPTG
concentration and the average number of origins per cell is indicated (n. 300). Wild-type (AK647), Pspac-dnaA (AK652). (D) To strongly overexpress
DnaA the endogenous dnaA gene was placed under the control of Pspac and an ectopic copy of dnaA was integrated at the amyE locus under the
control of the xylose inducible promoter Pxyl (HM745). The strain was grown overnight at 37uC in minimal media supplemented with glycerol, amino
acids (20 mg/ml), IPTG (800 mM), and erythromycin. The culture was diluted 1:100 into media containing IPTG (800 mM), erythromycin, either glycerol
minimal media supplemented with a range of xylose (1, 0.5, 0.25, 0.125, 0.063, 0.031, 0.016, 0.008, 0.004, 0%) or LB, and grown at 37uC until an A600 of
0.2–0.4. Genomic DNA was harvested from cells and marker frequency analysis was determined using qPCR. For each growth media, the ori:ter ratios
are plotted versus xylose concentration (error bars indicate the standard deviation of three technical replicates). Representative data are shown from
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replication initiation was maintained in the Dsoj DyabA mutant,
indicating that neither regulatory protein is required (Figures 3A,
S5B). Interestingly, both the single and double mutants displayed a
reduced growth rate in rich media, suggesting that the burden of
overactive DNA replication initiation may be exacerbated during
multifork replication. In the case of the soj mutant it is also possible
that the slow growth phenotype is related to its role in
chromosome origin segregation [28–30].
We also determined whether the alarmone (p)ppGpp, a small
molecule induced during nutrient limitation, is required for
nutrient-mediated growth rate regulation of DNA replication
initiation in B. subtilis. Marker frequency analysis was performed
on a strain lacking the three known (p)ppGpp synthases (RelA,
YwaC, YjbM). It was found that regulation of DNA replication
initiation was unaffected by the absence of (p)ppGpp, suggesting
that (p)ppGpp is not involved in the regulatory mechanisms
coordinating DNA replication with nutrient availability during
steady-state cell growth (Figures 3B, S5C).
DnaA and oriC are necessary for nutrient-mediated
growth rate regulation of DNA replication initiation in B.
subtilis
Since both overexpression of DnaA and deletion of DnaA
regulatory proteins did not alter nutrient-mediated growth rate
regulation of DNA replication initiation, it was unclear
whether DnaA was actually a component of this system. To
determine whether DnaA activity at oriC is required, marker
frequency analysis was performed in a strain where oriC was
inactivated (DoriC) and DNA replication initiates from the
plasmid-derived oriN. It was found that ori:ter ratios remain
constant over a wide range of growth rates in the DoriC
mutant, indicating that nutrient-mediated growth rate regula-
tion of DNA replication was lost (Figures 4A, S6A). Critically,
DNA replication initiation from oriC is unaffected by the
addition of oriN (Figures 4B, S6B). This shows that it is the
absence of DnaA activity at oriC, rather than the presence of
oriN, which accounts for the loss of nutrient-mediated growth
rate regulation in the DoriC mutant.
However, it could not be concluded whether the DoriC
mutation acted by removing replication origin function or by
deleting a site that is required for the nutrient-mediated growth
rate regulation. Therefore, a mutation was introduced into dnaA
that alters the critical ‘‘arginine finger’’ residue (Arg264RAla),
thereby disabling DnaA filament assembly and initiation activity
(note that a DnaA arginine finger mutant remains competent for
DNA binding and ATP binding) [22,31]. Again the dnaAR264A
mutant strain contains oriN in order to maintain viability. Like the
DoriC mutant the DnaAR264A variant also lost growth rate
regulation in response to nutrient availability, indicating that
DnaA activity at oriC is necessary for growth rate regulation in B.
subtilis (Figures 4C, S6C). Moreover, since the ori:ter ratios of the
DoriC and dnaAR264A mutants remains constant during nutrient-
mediated growth rate changes and since DNA replication
elongation speed is independent of the nutrient-mediated growth
rate [2,14], the results suggest that within a population of cells the
average frequency of DNA replication initiation at oriN is
independent of the nutrient-mediated growth rate.
Western blot analysis showed that in rich media there was less
DnaA and DnaN in the DoriC strain, whereas conversely there
was more DnaA and DnaN in the dnaAR264A mutant (Figure
S3C). The latter result suggests that autoregulation of the dnaA
promoter requires ATP-dependent filament formation by DnaA,
however, the former result was more puzzling. To investigate this
further the amount of DnaA in the DoriC strain was determined
over a range of nutrient-mediated growth rates. While the
concentration of DnaA was observed to increase as a function of
growth rate in the wild-type strain, DnaA levels did not display the
same correlation with growth rate in the DoriC mutant
(Figure 4D). This suggests that in the DoriC mutant nutrient-
mediated growth rate-dependent expression of DnaA is lost either
because DNA replication initiation from oriN is constitutive or
because the deletion within oriC affects dnaA expression (although
this region is downstream of the dnaA gene).
The apparent decrease in growth rates observed for strains
initiating DNA replication solely through oriN, particularly in rich
media (Figures 4A, 4C, S6A, S6C), is likely due to the formation of
cells lacking DNA as a direct consequence of decoupling DNA
replication initiation from growth rate (Figure 4E). This result
underscores the importance of growth rate regulation of DNA
replication initiation to ensure bacterial fitness.
Slowing growth rate by limiting essential cellular
activities inhibits DNA replication
Since nutrient-mediated growth rate regulation of DNA
replication initiation did not appear to act through either DnaA
protein accumulation or known DnaA regulators, we considered
alternative possibilities for how DNA replication could be
connected to cell physiology. One hypothesis was that this
regulation could be linked to metabolism, either through the
amount of a metabolic intermediate or the activity of a critical
enzyme. Genetic evidence has suggested a relationship between
several glycolytic enzymes and DNA replication in B. subtilis and
E. coli [32,33], but it has not been established whether these
connections act directly at the level of DnaA-dependent initiation.
ATP would be another rational candidate since DnaA is an ATP-
dependent protein, but it has been found that the concentration of
ATP in B. subtilis (as well as in E. coli) is invariant over a wide
range of growth rates (L. Krasny and R. Gourse, personal
communication; [34,35]). Another hypothesis was that this
regulation could be linked to the synthesis of an essential cellular
complex, such as the ribosome or the cell membrane [36,37]. In
this way a bacterial cell would integrate nutritional information
based on the availability of multiple substrates required to
construct such macromolecules.
In order to identify possible routes through which nutrient
availability could impact DNA replication we analyzed a range of
genetically altered strains, targeting respiration, central carbon
metabolism, protein synthesis, fatty acid synthesis, and phospho-
lipid synthesis (Table 1), that all manifest decreased steady-state
growth rates in rich complex media. Genes were either disrupted
by antibiotic cassettes or depleted using regulated expression
systems; importantly, depletion of essential genes was not lethal
under the experimental conditions used. Knock-out strains were
compared to wild-type while depletion strains were analyzed
a single experiment; an independently performed replicate of the experiment is shown in Figure S4B. (E) HM745 was grown as described in (D) until
cultures reached an A600 of 0.6–0.9, cells were lysed, and DnaA protein was detected using Western blot analysis (FtsZ protein was likewise detected
and used as a loading control). The open arrowhead highlights that overexpressed DnaA ran as a doublet (similar results have been observed for
other overexpressed proteins in B. subtilis; HM). For each condition the average amount of DnaA (+/2 standard deviation) from three biological
replicates was determined using densitometry; values were normalized to the cultures without xylose.
doi:10.1371/journal.pgen.1004731.g002
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without and with inducer (indicated in Figures 5, 6, S7, S8 with
‘‘-’’ and ‘‘+’’, respectively). DNA replication was measured using
marker frequency analysis. Strikingly, in all of the strains examined
the ori:ter ratio decreased to match the slower growth rates caused
by gene disruption/depletion (Figures 5–6, S7–S8; black symbols).
Evidence for an oriC-independent response to changes in
growth rate
The uniform response of DNA replication in slow growing
mutants suggested that a single mechanism might account for this
regulation, in accord with nutrient-mediated regulation of DNA
replication initiation (Figures 4, S6). To examine this hypothesis
the deletion and depletion strains were crossed into the DoriC
strain that initiates DNA replication using oriN. For several
mutants (ndh, gapA, pdhB, fabHA, plsC and ltaS) the ori:ter ratio
was not significantly affected (#1/10 of the percentage decrease
observed for oriC+), suggesting that the regulatory signal specif-
ically targeted DNA replication initiation at oriC (Figures 5, S7;
red symbols). However, there were a number of mutants (pykA,
pgsA, and multiple ribosomal protein genes) that produced a
marked decrease in the ori:ter ratio of the DoriC strain ($1/2 of
the percentage decrease observed for oriC+), suggesting that in
these cases DNA replication was being regulated through an oriC-
independent mechanism (Figures 6A–C, S8A-C; red symbols).
Interestingly, in some cases manipulation of different genes within
a single biological pathway (e.g. – carbon metabolism or
phospholipid synthesis) resulted in the regulation of DNA
replication through the different regulatory systems.
Evidence for a DnaA-independent response to changes
in growth rate
Since the DoriC oriN+ strain does not require DnaA activity to
initiate DNA replication, it suggested that the observed oriC-
independent growth rate regulation might be DnaA-independent.
To address this possibility the oriC-independent mutants (Figur-
es 6A–C, S8A–C) were crossed into a DdnaA strain that initiates
DNA replication using oriN (Figure S3C). When PykA was
depleted in the DdnaA mutant the ori:ter ratio no longer
decreased, indicating that DnaA was required for this response,
although apparently not for its role in origin recognition and DNA
unwinding (Figures 6D, S8D; green symbols). In contrast, when
either ribosomal genes were deleted or PgsA was depleted in the
DdnaA mutant the ori:ter ratios did decrease, suggesting that
DnaA-independent mechanisms act under these conditions
(Figures 6E–F, S8E–F; green symbols). Taken together, the
genetic analysis reveals that in B. subtilis there is likely more than
one regulatory system linking DNA replication with cell growth.
Slowing growth rate by targeting essential cellular
activities with small molecules inhibits DNA replication
initiation
The importance of growth rate regulation of DNA replication in
response to nutrient availability is self-evident, but the biological
relevance of growth rate regulation of DNA replication in response
to genetic manipulations is less clear. To address this issue we
evaluated the response of DNA replication to sublethal concen-
trations of antibiotics that produced slow steady-state growth rates.
We chose small molecules that inhibit either fatty acid synthesis
(cerulenin) or protein synthesis (chloramphenicol) because our
genetic analyses indicated that the former regulated DNA
replication through oriC while the latter acted independently of
both oriC and DnaA. Incubation with either antibiotic caused a
decrease in the ori:ter ratios in the wild-type strain, showing that
Figure 3. Nutrient-mediated growth rate regulation of DNA
replication initiation is independent of Soj, YabA, and
(p)ppGpp. (A) Growth rate regulation of DNA replication initiation is
maintained in either Dsoj or DyabA mutants. Strains were grown
overnight at 37uC in minimal media supplemented with succinate and
amino acids (20 mg/ml). The culture was diluted 1:100 into various
media (succinate, glycerol, glycerol + amino acids, LB) to generate a
range of steady-state growth rates and grown at 37uC until an A600 of
0.3–0.4. Genomic DNA was harvested from cells and marker frequency
analysis was determined using qPCR. The ori:ter ratios are plotted versus
growth rate (error bars indicate the standard deviation of three
technical replicates). Representative data are shown from a single
experiment; an independently performed replicate of the experiment is
shown in Figures S5A-B. Wild-type (HM222), Dsoj (HM227), DyabA
(HM739), Dsoj DyabA (HM741). (B) Growth rate regulation of DNA
replication initiation does not require (p)ppGpp. Strains were grown
overnight at 37uC in minimal media supplemented with succinate and
amino acids (200 mg/ml). The culture was diluted 1:100 into various
media (succinate + amino acids, glycerol + amino acids, LB, PAB) to
generate a range of steady-state growth rates and grown at 37uC until
an A600 of 0.2–0.6. Genomic DNA was harvested from cells and marker
frequency analysis was determined using qPCR. The ori:ter ratios are
plotted versus growth rate (error bars indicate the standard deviation of
three technical replicates). Representative data are shown from a single
experiment; an independently performed experiment is shown in
Figure S5C. Wild-type (HM222), D(p)ppGpp (HM1230).
doi:10.1371/journal.pgen.1004731.g003
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Figure 4. Nutrient-mediated growth rate regulation of DNA replication initiation requires oriC and DnaA. (A) oriC is required for growth
rate regulation of DNA replication initiation. Strains were grown overnight at 37uC in minimal media supplemented with succinate and amino acids
(20 mg/ml). The culture was diluted 1:100 into various media (succinate, glycerol, glycerol + amino acids, LB, PAB) to generate a range of steady-state
growth rates and grown at 37uC until an A600 of 0.3–0.4. Genomic DNA was harvested from cells and marker frequency analysis was determined using
Growth Control of Bacterial DNA Replication
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growth rate regulation of DNA replication in response to genetic
perturbations of essential cellular activities is physiologically
relevant (Figures 7A–B, S9A–B; black symbols).
To further assess whether changes in DNA replication caused
by these small molecules reflected the results using genetic
approaches, the DoriC oriN+ strain was analyzed. Only chloram-
phenicol elicited a significant decrease in the ori:ter ratios in the
DoriC strain (Figures 7A–B, S9A–B; red symbols). Finally, the
DdnaA oriN+ strain was analyzed in the presence of chloram-
phenicol and again the ori:ter ratio decreased (Figures 7B, S9B).
This result is fully consistent with the data from ribosomal gene
deletions and indicates that regulation of DNA replication in
response to perturbed ribosome activity is DnaA-independent.
Discussion
We have found that nutrient-mediated growth rate regulation of
DNA replication initiation in B. subtilis requires both DnaA and
oriC. To our knowledge this is the first time that a specific DNA
replication initiation protein has been shown to play an essential
role in this regulatory system, and because DnaA is the earliest
acting initiation factor we propose that DnaA is the target for the
nutrient-mediated growth rate regulatory system. Critically
however, we show that changes in DnaA protein level are not
sufficient to account for nutrient-mediated growth rate regulation
of DNA replication initiation in B. subtilis. This is in contrast to
the generally accepted mechanism for control of bacterial DNA
replication initiation based on work using E. coli [8,9].
B. subtilis contains a bipartite origin that flanks the dnaA gene
(incA and incB regions containing the dnaA promoter lie 1.3 kb
upstream of the incC region which contains the DNA unwinding
element) [38]. When the expression of the dnaA-dnaN operon was
placed under the control of the inducible Pspac promoter in order
to test the effect of DnaA overexpression on DNA replication
initiation, a ,9kb plasmid was recombined upstream of dnaA by
single cross-over. Therefore, integration of this vector resulted in
the considerable displacement of the two origin regions from one
another without any significant consequence. It will be extremely
interesting to determine the maximum and minimum distances
that the inc regions can be moved, as well as ascertaining the role
of the upstream region in DNA replication initiation.
We have shown that neither of the known DnaA regulatory
proteins present during vegetative growth, Soj and YabA, are
required for nutrient-mediated growth rate regulation of DNA
replication initiation. We have also determined that the alarmone
(p)ppGpp is not required for this regulation, consistent with a
previous report that induction of the stringent response inhibits
DNA replication elongation but not initiation in B. subtilis
qPCR. The ori:ter ratios are plotted versus growth rate (error bars indicate the standard deviation of three technical replicates). Representative data are
shown from a single experiment; an independently performed replicate of the experiment is shown in Figure S6A. Wild-type (HM222), DoriC oriN+
(HM228). (B) Integration of oriN into the B. subtilis chromosome does not eliminate growth rate regulation of DNA replication initiation. Strains were
grown as in (A) and the overnight culture was diluted 1:100 into various media (succinate, glycerol, glycerol + amino acids, LB). Genomic DNA was
harvested from cells and marker frequency analysis was determined using qPCR. The ori:ter ratios are plotted versus growth rate (error bars indicate
the standard deviation of three technical replicates). Representative data are shown from a single experiment; an independently performed replicate
of the experiment is shown in Figure S6B. Wild-type (HM715), oriC+ oriN+ (HM949). (C) DnaA activity is required for growth rate regulation of DNA
replication initiation. Strains were grown as in (B). Genomic DNA was harvested from cells and marker frequency analysis was determined using qPCR.
The ori:ter ratios are plotted versus growth rate (error bars indicate the standard deviation of three technical replicates). Representative data are
shown from a single experiment; an independently performed replicate of the experiment is shown in Figure S6C. Wild-type (HM715), DnaAR264A
oriN+ (HM1122). (D) Measurement of DnaA protein levels at various growth rates in a DoriC oriN+ strain (HM950). Cultures were grown as described in
(B). Cells were lysed and DnaA protein was detected using Western blot analysis (FtsZ protein was likewise detected and used as a loading control).
For each culture media the average amount of DnaA (+/2 standard deviation) from at least three biological replicates was determined using
densitometry; values were normalized to LB. (E) Subcellular localization of DNA over a range of growth rates in the wild-type (HM715) and DoriC oriN+
(HM950) strains. Cells were grown as in (B) and the overnight culture was diluted 1:100 into various media (succinate, glycerol, or glucose + amino
acids). Samples were taken at an A600 of 0.3–0.5 at which point membranes and DNA were stained. Arrows indicate cells without DNA and asterisks
indicate space within the cell that does not contain DNA. Scale bar represents 3 mm.
doi:10.1371/journal.pgen.1004731.g004
Table 1. Genes manipulated to limit essential cellular processes.
Gene Protein Cellular Activity
ndh NADH dehydrogenase respiration
gapA glyceraldehyde-3-P dehydrogenase central carbon metabolism
pykA pyruvate kinase central carbon metabolism
pdhB pyruvate dehydrogenase (E1 b subunit) central carbon metabolism
fabHA b-ketoacyl-acyl carrier protein synthase III fatty acid synthesis
ltaS lipoteichoic acid synthase lipoteichoic acid synthesis
plsC acyl-ACP:1-acylglycerolphosphate acyltransferase phospholipid synthesis
pgsA phosphatidylglycerophosphate synthase phospholipid synthesis
rpsU ribosomal protein S21 protein synthesis
rplA ribosomal protein L1 protein synthesis
rplW ribosomal protein L23 protein synthesis
rpmJ ribosomal protein L36 protein synthesis
doi:10.1371/journal.pgen.1004731.t001
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[39,40]. This result marks an apparent distinction between the role
of (p)ppGpp in B. subtilis and in proteobacteria such as E. coli and
Caulobacter crescentus where (p)ppGpp has been shown to
regulate DNA replication initiation [41,42].
The use of genetic manipulations and small molecule inhibitors
presented here reinforce and extend previously observed connec-
tions for bacterial DNA replication with central carbon metabo-
lism [32,33] and with phospholipid synthesis [43,44]. In addition
our work identifies new links for B. subtilis DNA replication with
respiration, fatty acid synthesis, lipoteichoic acid synthesis, and
ribosome biosynthesis. The results indicate that growth rate
regulation of DNA replication in B. subtilis can be controlled
through either oriC-dependent, oriC-independent/DnaA-depen-
dent, or oriC-independent/DnaA-independent mechanisms (sum-
marized in Figure 7C). Based on these novel findings we propose
that multiple systems coordinate DNA replication with bacterial
cell growth, with distinct regulators responding to diverse
physiological and chemical changes. This model deviates from
the long-standing concept of a single universal cellular property
utilized to link bacterial DNA replication with cell growth [4].
Since nutrient-mediated growth rate regulation of DNA
replication initiation requires DnaA activity at oriC, this suggests
Figure 5. Analysis of oriC-dependent growth rate regulation through genetic targeting of essential cellular activities. Strains were
grown overnight at 37uC in LB medium; strains harbouring plasmids integrated into the genome by single-crossover were supplemented with
appropriate antibiotics and inducer (0.1 mM IPTG or 0.1% xylose). Overnight cultures were diluted 1:1000 into fresh LB medium and grown at 37uC
until they reached an A600 of 0.3–0.5; strains harbouring plasmids integrated by single-crossover were supplemented with appropriate antibiotics
either without or with the appropriate inducer (1 mM IPTG or 1% xylose). For datapoints ‘‘+’’ indicates the presence of either the wild-type gene
(when comparing with knockout mutants) or the inducer; ‘‘2’’ indicates the absence of either the gene (when comparing with wild-type) or the
inducer. Genomic DNA was harvested from cells and marker frequency analysis was determined using qPCR. The ori:ter ratios are plotted versus
growth rate and the percentage change in the ori:ter ratios comparing each deletion/depletion is indicated (error bars indicate the standard deviation
of three technical replicates). Representative data are shown from a single experiment; an independently performed replicate of the experiment is
shown in Figure S7. (A) Wild-type (HM715), Dndh (HM1318), DoriC oriN+ (HM957), Dndh DoriC oriN+ (HM1319); (B) Pspac-gapA (HM1208), Pspac-gapA
DoriC oriN+ (HM1221); (C) Cultures were supplemented with 0.2% sodium acetate. Wild-type (HM715), DpdhB (HM1248), DoriC oriN+ (HM950), DpdhB
DoriC oriN+ (HM1266); (D) Pspac-fabHA (HM964), Pspac-fabHA DoriC oriN
+ (HM966); (E) Pxyl-plsC (HM1080), Pxyl-plsC DoriC oriN
+ (HM1086); (F) Wild-type
(HM715), DltaS (HM1168), DoriC oriN+ (HM957), DltaS DoriC oriN+ (HM1244).
doi:10.1371/journal.pgen.1004731.g005
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that factors affecting DNA synthesis through an oriC-independent
mechanism (PykA, PgsA, and ribosomal proteins) are unlikely to
be responsible for the nutrient sensing system. We suspect that
nutrient-mediated regulation may be influenced by more than one
control system, thereby forming a robust network capable of
integrating information from multiple metabolic and cellular
sources.
We note that for deletion/depletion mutants regulating DNA
replication through oriC-dependent and oriC-independent/DnaA-
dependent mechanisms, ori:ter ratios either remained constant or
slightly increased in the DoriC and DdnaA strains, respectively
(Figures 5, 6D, S7, S8D). Because the average initiation frequency
of oriN appears to be growth rate independent (Figures 4A, 4C,
S6A, S6C), the measured ori:ter ratios of these strains indicates
that replication elongation speeds are either not being affected or
are slightly decreasing. Therefore, for both oriC-dependent and
oriC-independent/DnaA-dependent regulatory mechanisms, the
observed decrease in ori:ter ratios in the oriC+ strain most likely
reflects inhibition of DNA replication initiation. In contrast, for the
oriC-independent/DnaA-independent mutants where the ori:ter
ratio was decreased when DNA replication initiated from oriN,
this difference could be due to a change in DNA replication
elongation (although this would mean that the elongation speed
was increased).
Our current aim is to determine the molecular mechanisms
underlying each system that coordinates DNA replication with cell
growth. We hypothesize that the oriC-dependent regulatory
system targets DnaA activity at oriC. We speculate that the
oriC-independent/DnaA-dependent regulatory system could in-
fluence DNA replication initiation by affecting the abundance or
Figure 6. Analysis of oriC-independent growth rate regulation through genetic targeting of essential cellular activities. Strains were
grown and data presented as described for Figure 5, except that the depletion of PgsA required supplementation with 1 mM IPTG to overexpress the
xylose repressor. The ori:ter ratios are plotted versus growth rate and the percentage change in the ori:ter ratios comparing each deletion/depletion is
indicated (error bars indicate the standard deviation of three technical replicates). Representative data are shown from a single experiment; an
independently performed replicate of the experiment is shown in Figure S8. (A) Pspac-pykA (HM1176), Pspac-pykA DoriC oriN
+ (HM1186); (B) Pxyl-pgsA
(HM1365), Pxyl-pgsA DoriC oriN
+ (HM1374); (C) Wild-type (HM715), DrpsU (HM1150), DrplA (HM1151), DrplW (HM1152), DrpmJ (HM1154), DoriC oriN+
(HM950), DrpsU DoriC oriN+ (HM1156), DrplA DoriC oriN+ (HM1157), DrplW DoriC oriN+ (HM1158), DrpmJ DoriC oriN+ (HM1160). (D) Pspac-pykA
(HM1176), Pspac-pykA DdnaA oriN
+ (HM1425); (E) Pxyl-pgsA (HM1365), Pxyl-pgsA DdnaA oriN
+ (HM1433); (F) Wild-type (HM715), DrpsU (HM1150), DrplA
(HM1151), DrpmJ (HM1154), DdnaA oriN+ (HM1423), DrpsU DdnaA oriN+ (HM1429), DrplA DdnaA oriN+ (HM1430), DrpmJ DdnaA oriN+ (HM1432).
doi:10.1371/journal.pgen.1004731.g006
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activity of a downstream replication initiation factor. For example,
DnaA is also a transcription factor that is thought to directly
regulate the expression of.50 genes, including dnaB [20,45].
Alternatively, DnaA could act by titrating initiation factors away
from oriN. Lastly, in the case of the oriC-independent/
DnaA-independent regulatory system it needs to be established
whether DNA replication is affected at the step of initiation or
elongation, after which the role of appropriate candidate proteins
can be investigated.
Materials and Methods
Strains and plasmids
Strains are listed in Table S1. Plasmids are listed in Table S2
and Table S3.
Media and chemicals
Nutrient agar (NA; Oxoid) was used for routine selection and
maintenance of both B. subtilis and E. coli strains. For
experiments in B. subtilis cells were grown using a range of
media (using the following concentrations unless otherwise noted):
Luria-Bertani (LB) medium, Antibiotic 3 (PAB) medium, Brain-
Heart Infusion (Bacto), or defined minimal medium base (Spizizen
minimal salts supplemented with Fe-NH4-citrate (1 mg/ml),
MgSO4 (6 mM), CaCl2 (100 mM), MnSO4 (130 mM), ZnCl2
(1 mM), thiamine (2 mM)) supplemented with casein hydrolysate
(200 mg/ml) and/or various carbon sources (succinate (1%),
glycerol (0.5%), glucose (0.5%)). Supplements were added as
required: tryptophan (20 mg/ml), phenylalanine (40 mg/ml),
chloramphenicol (5 mg/ml), erythromycin (1 mg/ml), kanamycin
(2 mg/ml), spectinomycin (50 mg/ml), tetracycline (10 mg/ml),
zeocin (10 mg/ml). Unless otherwise stated all chemicals and
reagents were obtained from Sigma-Aldrich.
Marker frequency analysis
Sodium azide (0.5%; Sigma) was added to exponentially
growing cells to prevent further metabolism. Chromosomal
DNA was isolated using a DNeasy Blood and Tissue Kit (Qiagen).
The DNA replication origin (oriC) region was amplified using
primers 59-GAATTCCTTCAGGCCATTGA-39 and 59-
GATTTCTGGCGAATTGGAAG-39; the DNA replication ter-
minus (ter) region was amplified using primers 59-TCCA-
TATCCTCGCTCCTACG-39 and 59-ATTCTGCTGATGTG-
CAATGG-39. Either Rotor-Gene SYBR Green (Qiagen) or
GoTaq (Promega) qPCR mix was used for PCR reactions. Q-
PCR was performed in a Rotor-Gene Q Instrument (Qiagen). By
use of crossing points (CT) and PCR efficiency a relative
quantification analysis (DDCT) was performed using Rotor-Gene
Software version 2.0.2 (Qiagen) to determine the origin:terminus
Figure 7. Analysis of oriC-dependent and oriC-independent growth rate regulation through small molecule targeting of fatty acid
synthesis and protein synthesis. Strains were grown overnight at 37uC in LB medium. Overnight cultures were diluted 1:1000 into fresh LB
medium either without or with antibiotics (2 mg/ml cerulenin (A), 1 mg/ml chloramphenicol (B)) and grown at 37uC until they reached an A600 of 0.3–
0.5. For datapoints ‘‘+’’ indicates the presence of the small molecule inhibitor and ‘‘2’’ indicates the absence. Genomic DNA was harvested from cells
and marker frequency analysis was determined using qPCR. The ori:ter ratios are plotted versus growth rate and the percentage change in the ori:ter
ratios comparing each deletion/depletion is indicated (error bars indicate the standard deviation of three technical replicates). Representative data
are shown from a single experiment; an independently performed replicate of the experiment is shown in Figure S9. Wild-type (HM715), DoriC oriN+
(HM950), DdnaA oriN+ (HM1423). (C) Summary of growth rate control systems affecting DNA replication described in this report.
doi:10.1371/journal.pgen.1004731.g007
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(ori:ter) ratio of each sample. These results were normalized to the
ori:ter ratio of a DNA sample from B. subtilis spores which only
contain one chromosome and thus have an ori/ter ratio of 1.
Microscopy
To visualize cells during exponential growth starter cultures
were grown overnight and then diluted 1:100 into fresh medium
and allowed to achieve at least three doublings before observation.
Cells were mounted on,1.2% agar pads (0.256minimal medium
base) and a 0.13–0.17 mm glass coverslip (VWR) was placed on
top. To visualize individual cells the cell membrane was stained
with either 2 mg/ml Nile Red (Sigma) or 0.4 mg/ml FM5-95
(Molecular Probes). To visualize nucleoids DNA was stained with
2 mg/ml 49-6-diamidino-2-phenylindole (DAPI) (Sigma). Micros-
copy was performed on an inverted epifluorescence microscope
(Nikon Ti) fitted with a Plan-Apochromat objective (Nikon DM
100x/1.40 Oil Ph3). Light was transmitted from a 300 Watt xenon
arc-lamp through a liquid light guide (Sutter Instruments) and
images were collected using a CoolSnap HQ2 cooled CCD
camera (Photometrics). All filters were Modified Magnetron ET
Sets from Chroma and details are available upon request. Digital
images were acquired and analysed using METAMORPH
software (version V.6.2r6). Analysis was performed using ImageJ
software: foci counting utilized the particle analysis plugin; cell
lengths and widths were measured using the ObjectJ plugin.
Western blot analysis
Proteins were separated by electrophoresis using a NuPAGE 4-
12% Bis-Tris gradient gel run in MES buffer (Life Technologies)
and transferred to a Hybond-P PVDF membrane (GE Healthcare)
using a semi-dry apparatus (Hoefer Scientific Instruments).
Proteins of interest were probed with polyclonal primary
antibodies and then detected with an anti-rabbit horseradish
peroxidase-linked secondary antibody using an ImageQuant LAS
4000 mini digital imaging system (GE Healthcare). Quantification
was determined by densitometry using Image J software. Figure
S3A shows that detection of DnaA, FtsZ and DnaN was within a
linear range.
Supporting Information
Figure S1 Culturing B. subtilis at different temperatures
generates a range of steady-state growth rates but does not affect
the frequency of DNA replication initiation. A wild-type strain
(HM715) was grown overnight at 23uC in LB. The culture was
diluted 1:100 into LB and incubated at different temperatures to
generate a range of steady-state growth rates until an A600 of 0.2-
0.3. Genomic DNA was harvested from cells and marker
frequency analysis was determined using qPCR. The ori:ter ratios
are plotted versus growth rate (error bars indicate the standard
deviation of three technical replicates). Representative data are
shown from a single experiment; an independently performed
replicate of the experiment is shown in Figure 1B.
(PDF)
Figure S2 Cell measurements as a function of nutrient-mediated
growth rate. (A) Measurement of replication origins per cell. An
array of ,25 tetO sites was inserted near the replication origin and
was visualized using TetR-GFP. Strain AK47 was grown
overnight at 37uC in minimal media supplemented with succinate
(2%), amino acids (0.2%), spectinomycin (50 mg/ml) and erythro-
mycin (1 mg/ml). Cultures were washed twice and diluted 1:100
into various chemically defined media supplemented with either
succinate (2%), glucose (1.5%), or glucose (1.5%) with amino acids
(200 mg/ml) and grown at 37uC until they reached an A600 of 0.3–
0.5. Samples were taken for microscopy and membranes were
stained. Scale bar represents 3 mm. (B) Quantification of the
number of origins per cell at different growth rates. The average
number of origins per cell is indicated above each histogram.
(C,E) Cell lengths were grouped according to the number of
origins, measurements were binned in 0.5 mm steps, and data
plotted as a percentage within each population. (D,F) The
average cell lengths and widths (+/2 standard deviation) were
grouped according to the number of origins per cell.
(PDF)
Figure S3 Western blot analysis of wild-type, oriN, and Pspac-
dnaA-dnaN strains. Strains were grown overnight at 37uC in LB
medium. Overnight cultures were diluted 1:1000 into fresh LB
medium and grown at 37uC until an A600 of 0.5-0.7 was attained.
Cells were lysed and proteins were detected using Western blot
analysis. (A) A two-fold dilution series of a cell lysate was used to
determine the linear range for each antibody. (B) The endogenous
dnaA-dnaN operon was placed under the control of the IPTG-
inducible promoter Pspac to generate a range of expression levels.
HM742 was supplemented with IPTG (400 mM) and erythromy-
cin. The cultures were diluted 1:100 into LB and grown at 37uC
until an A600 of 0.5–0.6; HM742 was supplemented with
erythromycin and a range of IPTG (800, 400, 200, 100,
50 mM). Cells were lysed and DnaN protein was detected using
Western blot analysis (FtsZ protein was likewise detected and used
as a loading control). The amount of DnaN was determined using
densitometry; values were normalized to wild-type. Wild-type
(HM222), Pspac-dnaA-dnaN (HM742). (C) Analysis of oriN
strains. Wild-type (HM715), oriC+ oriN+ (HM949), DoriC oriN+
(HM957), DdnaA oriN+ (HM1423), dnaAR264A oriN+ (HM1122).
(PDF)
Figure S4 Changes in DnaA protein level are not sufficient to
account for nutrient-mediated growth rate regulation of DNA
replication initiation in B. subtilis. (A) The endogenous dnaA gene
was placed under the control of the IPTG-inducible promoter
Pspac to generate a range of DnaA protein levels. Strains were
grown overnight at 37uC in minimal media supplemented with
succinate and amino acids (20 mg/ml); IPTG (400 mM) and
erythromycin was added to HM742. The cultures were diluted
1:100 into various media (glycerol, glycerol + amino acids, LB) to
generate a range of steady-state growth rates and grown at 37uC
until an A600 of 0.5–0.6; in each medium HM742 was
supplemented with erythromycin and a range of IPTG (800,
400, 200, 100, 50 mM). Genomic DNA was harvested from cells
and marker frequency analysis was determined using qPCR. For
each growth media, the ori:ter ratios are plotted versus IPTG
concentration (error bars indicate the standard deviation of three
technical replicates). Representative data are shown from a single
experiment; an independently performed replicate of the exper-
iment is shown in Figure 2B. Wild-type (HM222), Pspac-dnaA
(HM742). (B) To strongly overexpress DnaA the endogenous
dnaA gene was placed under the control of Pspac and an ectopic
copy of dnaA was integrated at the amyE locus under the control
of the xylose inducible promoter Pxyl (HM745). The strain was
grown overnight at 37uC in minimal media supplemented with
glycerol, amino acids (20 mg/ml), IPTG (800 mM), and erythro-
mycin. The culture was diluted 1:100 into media containing IPTG
(800 mM), erythromycin, either glycerol minimal media supple-
mented with a range of xylose (1, 0.5, 0.25, 0.125, 0.063, 0.031,
0.016, 0.008, 0.004, 0%) or LB, and grown at 37uC until an A600
of 0.2–0.4. Genomic DNA was harvested from cells and marker
frequency analysis was determined using qPCR. For each growth
media, the ori:ter ratios are plotted versus xylose concentration
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(error bars indicate the standard deviation of three technical
replicates). Representative data are shown from a single
experiment; an independently performed replicate of the exper-
iment is shown in Figure 2D. (C) To determine whether
overexpression of DnaA specifically inhibits DNA replication
initiation from oriC, the endogenous dnaA gene was placed under
the control of Pspac, an ectopic copy of dnaA was integrated at the
amyE locus under the control of the xylose inducible promoter
Pxyl, oriC was inactivated by partial deletion (DincAB), and DNA
replication was driven by oriN (HM1467). The strain was grown
overnight at 37uC in minimal media supplemented with glycerol,
amino acids (20 mg/ml), IPTG (800 mM), and erythromycin. The
culture was diluted 1:100 into glycerol minimal media containing
IPTG (800 mM), erythromycin, supplemented with a range of
xylose (1, 0.5, 0.25, 0.125, 0.063, 0.031, 0.016, 0.008, 0.004, 0%),
and grown at 37uC until an A600 of 0.2–0.4. Genomic DNA was
harvested from cells and marker frequency analysis was deter-
mined using qPCR. The ori:ter ratios are plotted versus xylose
concentration (error bars indicate the standard deviation of three
technical replicates).
(PDF)
Figure S5 Nutrient-mediated growth rate regulation of DNA
replication initiation is independent of Soj, YabA, and (p)ppGpp.
(A) Growth rate regulation of DNA replication initiation is
maintained in either Dsoj or DyabA mutants. Strains were grown
overnight at 37uC in minimal media supplemented with succinate
and amino acids (20 mg/ml). The culture was diluted 1:100 into
various media (succinate, glycerol, glycerol + amino acids, LB) to
generate a range of steady-state growth rates and incubated at
37uC until an A600 of 0.3–0.4. Genomic DNA was harvested from
cells and marker frequency analysis was determined using qPCR.
The ori:ter ratios are plotted versus growth rate (error bars
indicate the standard deviation of three technical replicates).
Representative data are shown from a single experiment; an
independently performed replicate of the experiment is shown in
Figure 3A. Wild-type (HM222), Dsoj (HM227), DyabA (HM739).
(B) Growth rate regulation of DNA replication initiation is
maintained in a Dsoj DyabA double mutant. Cells were grown as in
(A). Genomic DNA was harvested from cells and marker
frequency analysis was determined using qPCR. The ori:ter ratios
are plotted versus growth rate (error bars indicate the standard
deviation of three technical replicates). Representative data are
shown from a single experiment; an independently performed
replicate of the experiment is shown in Figure 3A. Wild-type
(HM222), Dsoj DyabA (HM741). (C) Growth rate regulation of
DNA replication initiation does not require (p)ppGpp. Strains
were grown overnight at 37uC in minimal media supplemented
with succinate and amino acids (200 mg/ml). The culture was
diluted 1:100 into various media (succinate + amino acids, glycerol
+ amino acids, LB) to generate a range of steady-state growth rates
and incubated at 37uC until an A600 of 0.2–0.6. Genomic DNA
was harvested from cells and marker frequency analysis was
determined using qPCR. The ori:ter ratios are plotted versus
growth rate (error bars indicate the standard deviation of three
technical replicates). Representative data are shown from a single
experiment; an independently performed experiment is shown in
Figure 3B. Wild-type (PY79), D(p)ppGpp (bSS186).
(PDF)
Figure S6 Nutrient-mediated growth rate regulation of DNA
replication initiation requires oriC and DnaA. (A) oriC is required
for growth rate regulation of DNA replication initiation. Strains
were grown overnight at 37uC in minimal media supplemented
with succinate and amino acids (20 mg/ml). The culture was
diluted 1:100 into various media (succinate, glycerol, glycerol +
amino acids, LB) to generate a range of steady-state growth rates
and incubated at 37uC until an A600 of 0.3–0.4. Genomic DNA
was harvested from cells and marker frequency analysis was
determined using qPCR. The ori:ter ratios are plotted versus
growth rate (error bars indicate the standard deviation of three
technical replicates). Representative data are shown from a single
experiment; an independently performed replicate of the exper-
iment is shown in Figure 4A. Wild-type (HM715), DoriC oriN+
(HM950). (B) Integration of oriN into the B. subtilis chromosome
does not eliminate growth rate regulation of DNA replication
initiation. Strains were grown as in (A). Genomic DNA was
harvested from cells and marker frequency analysis was deter-
mined using qPCR. The ori:ter ratios are plotted versus growth
rate (error bars indicate the standard deviation of three technical
replicates). Representative data are shown from a single
experiment; an independently performed replicate of the exper-
iment is shown in Figure 4B. Wild-type (HM715), oriC+ oriN+
(HM949). (C) DnaA activity is required for growth rate regulation
of DNA replication initiation. Strains were grown as in (B).
Genomic DNA was harvested from cells and marker frequency
analysis was determined using qPCR. The ori:ter ratios are plotted
versus growth rate (error bars indicate the standard deviation of
three technical replicates). Representative data are shown from a
single experiment; an independently performed replicate of the
experiment is shown in Figure 4C. Wild-type (HM715),
DnaAR264A oriN+ (HM1122).
(PDF)
Figure S7 Analysis of oriC-dependent growth rate regulation
through genetic targeting of essential cellular activities. Strains
were grown overnight at 37uC in LB medium; strains harbouring
plasmids integrated into the genome by single-crossover were
supplemented with appropriate antibiotics and inducer (0.1 mM
IPTG or 0.1% xylose). Overnight cultures were diluted 1:1000
into fresh LB medium and grown at 37uC until they reached an
A600 of 0.3–0.5; strains harbouring plasmids integrated by single-
crossover were supplemented with appropriate antibiotics either
without or with the appropriate inducer (1 mM IPTG or 1%
xylose). For datapoints ‘‘+’’ indicates the presence of either the
wild-type gene (when comparing with knockout mutants) or the
inducer; ‘‘2’’ indicates the absence of either the gene (when
comparing with wild-type) or the inducer. Genomic DNA was
harvested from cells and marker frequency analysis was deter-
mined using qPCR. The ori:ter ratios are plotted versus growth
rate and the percentage change in the ori:ter ratios comparing
each deletion/depletion is indicated (error bars indicate the
standard deviation of three technical replicates). Representative
data are shown from a single experiment; an independently
performed replicate of the experiment is shown in Figure 5. (A)
Wild-type (HM715), Dndh (HM1318), DoriC oriN+ (HM957),
Dndh DoriC oriN+ (HM1319); (B) Pspac-gapA (HM1208), Pspac-
gapA DoriC oriN+ (HM1221); (C) Cultures were supplemented
with 0.2% sodium acetate. Wild-type (HM715), DpdhB
(HM1248), DoriC oriN+ (HM950), DpdhB DoriC oriN+
(HM1266); (D) Pspac-fabHA (HM964), Pspac-fabHA DoriC oriN
+
(HM966); (E) Pxyl-plsC (HM1364), Pxyl-plsC DoriC oriN
+
(HM1373); (F) Wild-type (HM715), DltaS (HM1168), DoriC
oriN+ (HM957), DltaS DoriC oriN+ (HM1244).
(PDF)
Figure S8 Analysis of oriC-independent growth rate regulation
through genetic targeting of essential cellular activities. Strains
were grown and data presented as described for Figure S7, except
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that the depletion of PgsA required supplementation with 1 mM
IPTG to overexpress the xylose repressor. Genomic DNA was
harvested from cells and marker frequency analysis was deter-
mined using qPCR. The ori:ter ratios are plotted versus growth
rate and the percentage change in the ori:ter ratios comparing
each deletion/depletion is indicated (error bars indicate the
standard deviation of three technical replicates). Representative
data are shown from a single experiment; an independently
performed replicate of the experiment is shown in Figure 6. (A)
Pspac-pykA (HM1176), Pspac-pykA DoriC oriN
+ (HM1186); (B)
Pxyl-pgsA (HM1365), Pxyl-pgsA DoriC oriN
+ (HM1374); (C) Wild-
type (HM715), DrpsU (HM1150), DrplA (HM1151), DrplW
(HM1152), DrpmJ (HM1154), DoriC oriN+ (HM950), DrpsU
DoriC oriN+ (HM1156), DrplA DoriC oriN+ (HM1157), DrplW
DoriC oriN+ (HM1158), DrpmJ DoriC oriN+ (HM1160). (D) Pspac-
pykA (HM1176), Pspac-pykA DdnaA oriN
+ (HM1425); (E) Pxyl-
pgsA (HM1365), Pxyl-pgsA DdnaA oriN
+ (HM1433); (F)Wild-type
(HM715), DrpsU (HM1150), DrplA (HM1151), DrpmJ (HM1154),
DdnaA oriN+ (HM1423), DrpsU DdnaA oriN+ (HM1429), DrplA
DdnaA oriN+ (HM1430), DrpmJ DdnaA oriN+ (HM1432).
(PDF)
Figure S9 Analysis of oriC-dependent and oriC-independent
growth rate regulation through small molecule targeting of fatty
acid synthesis and protein synthesis. Strains were grown overnight
at 37uC in LB medium. Overnight cultures were diluted 1:1000
into fresh LB medium either without or with antibiotics (2 mg/ml
cerulenin (A), 1 mg/ml chloramphenicol (B)) and grown at 37uC
until they reached an A600 of 0.3-0.5. For datapoints ‘‘+’’ indicates
the presence of the small molecule inhibitor and ‘‘-’’ indicates the
absence. Genomic DNA was harvested from cells and marker
frequency analysis was determined using qPCR. The ori:ter ratios
are plotted versus growth rate and the percentage change in the
ori:ter ratios comparing each deletion/depletion is indicated (error
bars indicate the standard deviation of three technical replicates).
Representative data are shown from a single experiment;
independently performed replicates of the experiments are shown
in Figures 7A–B. Wild-type (HM715), DoriC oriN+ (HM950),
DdnaA oriN+ (HM1423).
(PDF)
Table S1 Strain list.
(PDF)
Table S2 Plasmid list.
(PDF)
Table S3 Description of plasmids constructed and primers used.
(PDF)
Text S1 Supplementary references.
(PDF)
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